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Besides synthetically useful organolithium compounds[8] like MeLi, nBuLi, tBuLi und PhLi, 
especially secondary organoamides (RR’N−) play a huge role in organic chemistry. In 
contrast to organolithiums which may be used as nucleophiles in useful addition or 
substitution reactions,[9] sterically hindered sec-organoamides are predominantly used as 
powerful non nucleophilic Brønsted bases in synthetic chemistry.[10] A variety of 
amidolithium compounds are commercially available. However, their chemical formula is 
often depicted as monomeric species, although it has been known for a long time that the 
actual structure is much more complicated. The aggregation of sec-amidolithium 
compounds differs in respect to their substituents. Studies in solution as well as in the solid 
state reveal several aggregation modes varying from monomers, cyclic dimers, trimers, 
tetramers and higher oligomers (see next chapter), furthermore dimeric units can associate 
laterally to form “ladder” like coordination polymers.[11] Usually, disaggregated 
amidolithiums show similar to organolithiums an enhanced reactivity and a different 
chemoselectivity (Scheme 1-1).[12] This is why the knowledge of the structure in the solid 
state and especially in solution where they operate is extraordinary important to deduce 
structure-reactivity relationships.[13] In the following chapters a brief synthetical and 
structural overview of the most important sec-organoamides will be given. Finally, the use 
of self-diffusion measurements as a valuable tool for the determination of aggregation 
states will be introduced. 
 
      
  Solvent E/Z ratio Yield [%] Lit. 
  Hexane 1.0:1.5 14 [12a] 
  THF 0.5:99.5 quant. [12b] 
Scheme 1-1. Enolization of 3-pentanone 1 with lithium diisopropylamide (LDA) in hexane and subsequent 
trapping with TMSCl affords silylenolates 2 and 3 in a E/Z ratio of 1.0:1.5 in very poor yields (14%).[12a] In 
contrast, the same reaction carried out in THF gives highly stereoselectively the (Z)-3-trimethylsiloxy-2-
pentane 3 in quantitative yield.[12b] The change in reactivity and stereoselectivity is reflected in the different 
aggregation states of LDA in both solvents. In hexane LDA forms a distribution of at least three cyclic 
oligomers,[5] while in THF it forms exclusively a disolvated dimer[14] (for more information about the solution 

















1.1 Synthetically Useful Metal Amides 
The most important secondary amides used in synthetic chemistry are LDA 4, LiTMP 5, 
MHMDS 6 with M = Li, Na and K, Hauser bases 7 and 8 and their lithium chloride 




Commonly, alkalimetal amides are prepared by treating the secondary amine R2NH with 
an alkyl lithium reagent (e.g. nBuLi) in a cooled THF solution (−78°C). Diisopropylamide 
has a pKa value of 36.[15] Its conjugate base is therefore suitable for the deprotonation of 

























































Due to the steric demand of the amide ligand alkalimetal amides represent excellent 
reagents for the generation of enolates by abstraction of the acidic α-hydrogen atom of a 
carbonyl function. The most prominent reactions of lithium amides are summarized in 
Scheme 1-2. The high reactivity of organolithium compounds can also be considered their 
Achilles heel, since they are routinely used at low temperature (mostly −78°C). 
Additionally they often cause competing side reactions (e.g. Chichibabin reactions) and do 
not tolerate certain synthetically important functional groups like e.g. ester, carbonyl, 
nitrile, sulphoxide and halide. This is why in the past decades bis-amidomagnesium bases 
[(R2N)Mg] and organomagnesium halides (at the simplest level described with the formula 
“RMgX”) have found profund improvements in synthetic chemistry. Compared with 
organolithium reagents the magnesium compounds have more covalent character and 
therefore less reactive metal-ligand bonds. This is why they display a higher functional 
group tolerance and a much greater chemoselectivity.[16] Consequently they generally can 
be used at room temperature (RT) without significant side reactions. In the late 1940s 
Hauser and co-workers succeeded in the development of the amido Grignard reagent 
R2NMgX, formally known as Hauser bases, by replacing the alkyl ligand of a Grignard with 
a secondary amide (Scheme 1-3).[17]  
 
   





Scheme 1-3. Typical preparation of Hauser bases. 
 
The breakthrough in synthetic protocols of Hauser bases culminates in the 1980s and 
1990s, where Eaton and co-workers introduced iPr2NMgBr and TMP2Mg, which were 
shown to ortho-magnesiate carboxamides (Scheme 1-4a).[18] Later, Kondo, Sakamoto and 
co-workers reported the utility of iPr2NMgX (X= Cl, Br) as selective deprotonation 
reagents (exclusively at the 2-position) for heterocyclic thiophene[19] and phenylsulphonyl-
substituted indoles[20] (Scheme 1-4b-c). An important driving force for such reactions is the 
presence of an ortho-directing group on the substrate, typically Lewis basic heteroatoms 
within or next to a double or triple bond. The principle of the functional group is known as 
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Scheme 1-4. a) Compound 12 can be synthesized by α-magnesiation of carboxamide 11 with TMP2Mg 
or iPr2NMgBr followed by the subsequent reaction with CO2 and CH2N2.[18] b) 2-carbethoxythiophene 13 
was metalated at the ortho position by using an excess of iPr2NMgCl (2 equiv). Afterwards the magnesiated 
intermediate 14 was treated with iodine to give iodothiophene 15 in 77% yield. c) Selective magnesiation of 









Scheme 1-5. Typical preparation of Turbo-Hauser bases. 
 
A huge disadvantage of Hauser bases is their poor solubility in THF. In consequence, the 
metalation rates are slow and a huge excess of base is required (mostly 10 equiv.). This 
circumstance complicates the functionalization of the metaled intermediate with an 
electrophile. It is well known that numerous metallic salts are better soluble when LiCl is 
added to the solution.[22] That feature led to the design of LiCl-solubilized Turbo-Hauser 
Bases TMPMgCl·LiCl 10 and the less bulky Turbo- analogue iPr2NMgCl·LiCl 9 (Scheme 1-
5).[23] Equipped with enhanced kinetic basicity,1 these commercially available reagents 
                                                     
1 For the sake of completeness it should be mentioned that in modern synthetic chemistry many other lithium 
chloride stabilized magnesium amide complexes like e.g. (TMP)2Mg·2LiCl, TMPZnCl·LiCl (TMP)2Zn·2LiCl 
or mixed metal ate complexes like e.g. (TMP)2CuLi, R2Zn(TMP)Li, R3Al(TMP)Li are also used as selective 
deprotonating reagents. For more information see e.g.: a) B. Haag, M. Mosrin, H. Ila, V. Malakhov, P. 
Knochel, Angew. Chem. 2011, 123, 9968–9999; Angew. Chem. Int. Ed. 2011, 50, 9794–9824. b) R. E. Mulvey, 






display a high reactivity even at room temperature (RT) as well as excellent regioselectivity 
and high functional group tolerance for a large number of aromatic and heteroaromatic 
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1) TMPMgCl·LiCl
    THF, -78°C, 15 min
2) ZnCl2
3) m-IC6H4CF3
    1% [Pd(PPh3)4],




  24: 79% 
 
Interestingly, the diisopropylamido reagent iPr2NMgCl·LiCl 9 can show a very different 
reactivity compared to its TMP counterpart 10 (Scheme 1-7). While 10 easily metalates 
ethyl-3-chlorobenzoate 26 in the C2 position to give after iodation benzene 27, the same 
reaction carried out with 9 results in no metalation at all. Instead, an addition-elimination 
reaction occurs with the formation of m-chloro-N,N-diisopropylbenzamide 25.[28] The 
different reactivity can be attributed to the higher kinetic basicity of compound 10 
compared to its homologous iPr-Turbo-Hauser base 9.[23] Additionally, this contrasting 
behaviour could also be reflected in the aggregation state of both magnesium amides in 
THF solution that will be discussed in chapter 1.1.3.  
 
 
Scheme 1-6. a) Metalation of ethyl 2-cyano,3-chlorobenzoate 18 with TMPMgCl·LiCl (10) and reaction with 
EtOCOCN gives the benzene derivative 19 in 60% yield.[25] b) Compound 10 allows also selective 
deprotonations of 1,4 unsaturated compounds like e.g. the Michael acceptor 20. The addition of compound 
21 to cHexCHO affords the unsaturated lactone 22 in 85% yield.[26] c) Metalation of furane 23 and subsequent 
transmetalation with ZnCl2 leads to a stable Zn-intermediate that can in presence of 1% [Pd(PPh3)4] undergo 





Scheme 1-7. Contrasting reactivity of Turbo-Hauser bases iPr2NMgCl·LiCl 9 and TMPMgCl·LiCl 10 for the 
reaction with ethyl-3-chlorobenzoate 26 in THF solution at 0°C.[28] 
1.1.1 Structure of LDA2 
LDA is one of the most prominent amide reagents that play a key role in organic synthesis, 
serving as a base par excellence for a broad range of deprotonation reactions.[29] However, 
its donor-base free solid-state crystal structure 28 was only determined in 1991 by Barnett 
et al.[30] It consists of an infinite helical chain with four units per turn in the helix (Fig. 1-2). 
In solution with monodentate donating solvents LDA exists as a single observable 
aggregate–the disolvated cyclodimer 29.[14] That Li2N2 dimer with one donor molecule 
coordinating each alkali metal atom, afford an overall lithium coordination number of 
three. Polydentate ligands give isostructural disolvated dimers with one exception: the 
TMCDA-solvated monomer 30. This is why LDA is an ideal template for studying 
organolithium reactivity[13c, 31] and LDA is one of the best explored lithium amides.[10] 
Especially Collum et al. provided closer insights into LDA-mediated reaction mechanisms, 
solution kinetics, structure reactivity relationships, reaction rates and selectivity.[12a, 32] 
However, the aggregation of LDA in donor-base free solvents was still unclear. In 1991 Kim 
and Collum et al. investigated [6Li]LDA and [6Li,15N]LDA in hexane by 6Li and 15N NMR 
spectroscopy.[12a] They observed a mixture of three major cyclic oligomers and suggested 
that they could correspond to cyclic dimers, trimers and higher oligomers. Unfortunately 
they were not able to quantify these observations because “a severe overlap renders the effort 
required for a detailed study unjustifiable”. A further characterization of these oligomers 
was not possible at that time. 
 
                                                     
2 Includes revised parts of my publication: R. Neufeld, M. John, D. Stalke, Angew. Chem., 2015, 127, 7100–
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1.1.1 Structure of LiTMP  
In 1983 Lappert and Atwood et al. revealed the solid state structure of unsolvated lithium 
2,2,6,6-tetramethylpiperidide to be a cyclotetramer 32 (Fig. 1-3) with an essentially planar 
Li4N4-ring.[33] Later, 6Li, 15N NMR and DOSY spectroscopic studies showed that in 
hydrocarbon solution cycloteramer and –trimer co-exist in a balanced equilibrium.[34] 
Three decades after Lapperts report, Hevia and Mulvey et al. finally characterized the 
concealed cyclotrimeric polymorph 31 in the solid state via X-ray crystallography.[34a] In 
donating solvents LiTMP shows a much greater structural diversity. Beside the above 
mentioned cyclic oligomers LiTMP can form disolvated monomers 33 and 34,[35] di- and 
tetrasolvated dimers 35 and 36,[36] triple ions 37[37] and open dimers 38 and 39 (Fig. 1-4).[38] 
The latter have shown to be important reactive intermediates since they contain vacant 
coordination sites for substrate precomplexation and a highly basic lone pair on the 
nitrogen atom. 
 
Fig. 1-3. Structure of LiTMP in the solid state and in hydrocarbons with hydrogen atoms omitted for clarity. 
 












  29a S = THF 
  29b S = R2O 
  29c S = nBuOMe 
  29d S = Me2NEt 
  29e S = dmpu 














    
    29g L = L’ = NMe2 
    29h L = L’ = OMe 
    29i  L = OR, L’ = NR2 










  30 
 













The equilibrium between monomeric 34 and open dimeric 38 highly depends on the used 
chelating ligand and its concentration. E.g. the ratio of 34d and 38d is 1:3, while the ratio is 
completely inverted for species 34e and 38e (0.75 eq. of ligand, at −100°C in a 2:1 
pentane:toluene solution).[38a] Most of the solution studies have been carried out on the 










33a S = S’ = THF 
33b S = S’ = HMPA 







34a S = S’ = NMe2 
34b S = S’ = NEt2 
34b S = S’ = N(Me)Et 
34c S = S’ = N(C4H8) 
34d S = NMe2, S’ = N(Me)Et 







    35a S = S’ = THF 
    35b S = S’ = HMPA 










     37a + [Li(HMPA)3(THF)]+ 






    38a S = S’ = NMe2 
    38b S = S’ = NEt2 
    38b S = S’ = N(Me)Et 
    38c S = S’ = N(C4H8) 
    38d S = NMe2, S’ = N(Me)Et 
    38e S = NMe2, S’ = OMe 
N Li N
Li
HMPA HMPA  
39 





1.1.2 Structure of LiHMDS and its Havier Analoges3 
Besides LDA and LiTMP alkali metal 1,1,1,3,3,3-hexamethyldisilazides (MHMDSs), 
particularly Li-, Na- and KHMDS are very important reagents in many synthetic 
protocols.[10] The high structural variance of MHMDS becomes apparent from the different 
aggregation motifs in the solid state, in the gas phase and in solution: The solid state 
structure of Li-[39] and NaHMDS[40] is a cyclic trimer (40 in Fig. 1-5), whereas the latter also 
crystallizes as a linear coordination polymer (42).[41] K-,[42] Rb- and CsHMDS form dimeric 
structures (44, without donor base).[43] In the gas phase LiHMDS adopts dimers[44] (44, 
without donor base) and NaHMDS monomers[45] (43, without donor base). The adducts of 
Li-,[46] Na-[47] and KHMDS[42b, 48] with monodentate donor bases show dimeric (44) and 
polymeric structures (polymers of 44, bridged by donor bases). Monomeric adducts (43) of 
Li-[49] and KHMDS[50] have been observed so far only with chelating bases like TMEDA and 
crown ethers. Rb- and CsHMDS were characterized as coordination polymers of dimers 
bridged by dioxane.[47d] In solution LiHMDS shows a complex equilibrium of solvation and 
aggregation depending on the employed solvent. Kimura and Brown reported in 1971 that 
LiHMDS exists as a tetramer-dimer mixture in hydrocarbons and as dimer-monomer 
mixture in THF and Et2O.[51] Later, especially Collum and Lucht carried out deeply-rooted 
mechanistic studies to elucidate the aggregation of LiHMDS with various amine and ether 
ligands by 6Li, 15N, and 13C NMR spectroscopic studies.[52] Williard and Mulvey et al. 
studied and characterized mixed Li-, Na- and KHMDS bases in the solid state and in 
solution.[46a, 46c, 53] Compared to the wide synhetic application, both on laboratory and 
industrial scale, there still is not known much about the aggregation behavior of higher 
MHMDSs in solution. 
 
                                                     


























































1.1.2.1 Structure of MHMDS with Ammonia as Donor Base4 
a) b) 
 
45 M1 = Li 




47 M2 = K 
  48 M2 = Rb 
 
49 
Fig. 1- 6. a) Hydrogen bonded monomers of two neighboring (NH3)3·M1N(SiMe3)2 [M1 = Li (45), Na (46)] 
molecules. b) Both compounds crystallize with the same aggregation motif, but in different space groups. 45 
crystallizes in the monoclinic space group C2/c and 46 in the primitive monoclinic space group P21/c. The 
superposition plot of the asymmetric units shows that both structures do not fit perfectly. Apart from the 
different M-Namide bond lengths both trimethylsilyl groups and the NH3 molecules are twisted slightly with 
respect to another. c) Crystal structure of tetrasolvated [(H3N)2M2N(SiMe3)2]2 [M2 = K (47), Rb (48)]. d) 
Crystal structure of disolvated CsHMDS dimer 49. Anisotropic displacement parameters are depicted at the 
50% probability level. Carbon bound hydrogen atoms are omitted for clarity.[1] 
 
                                                     
4 Includes revised parts of my publication: R. Neufeld, R. Michel, R. Herbst-Irmer, R. Schöne, D. Stalke, 





Like others[54] we decided for ammonia as a convenient solvent as we realized earlier that 
the structure determining effect by single ammonia molecules is much less pronounced 
than by e.g. bi- or tridentate donor bases and the probability to isolate monomeric contact 
ion pairs (CIPs) or even solvent separated pairs (SSIPs) is much higher.[7, 55] Page et al. 
showed for example that ammonia is a promising candidate to replace dipolar aprotic 
solvents like e.g. DMSO and DMF in a number of industrial processes.[56] NH3 has a boiling 
point of −33 °C and a vapor pressure of 9 bar at 24 °C,[57] so it is much easier to remove or 
rather to recover, compared to many toxic and harmful chelating solvents like e.g. 
PMDETA, unwanted in any pharmaceutical or natural product process. The physical 
properties of liquid ammonia are similar to those of liquid water. NH3 is capable to solve 
many synthetically useful saltr like e.g. LiNO3, 244 g/100g at 25 °C because of its small 
dielectric constant (NH3: 16.9, H2O: 78.3 at 25 °C).[58] With a pKa value of 27.7 at 25 °C[59] it 
is not exposed to fast auto protolysis like water (pKa = 15.7 at 25 °C).[60] A high dipole 
moment (μ = 1.47),[61] a small steric demand (compared to e.g. THF, Et2O, etc.) and a high 
electron density at the nitrogen atom makes ammonia an advantageous donor base for 
many metal ions especially for alkali metal ions.[7, 55b, 62] Instead of using net liquid ammonia 
is also feasible to use it as an additive to classic solvents like THF or toluene by introducing 
gaseous NH3 to the solution.[7, 55b] Monomeric LiHMDS with monodentate donor bases was 
only characterized in solution. Anyway, since the first preparation of LiHMDS in 1959 by 
Wannagat and Niederprüm,[63] all efforts to crystalize monomeric LiHMDS in the absence 
of chelating ligands failed. In 2016, Neufeld et al. succeeded for the first time the 
crystallization of the missing monomeric key compound.[1] With ammonia as donor base 
trisolvated LiHMDS 45 and NaHMDS 46, showing unique hydrogen bond interactions 
between two metal HMDS monomers, have been characterized. In addition, 
unprecedented tetrasolvated K- 47 and RbHMDS-dimers 48 as well as disolvated 
CsHMDS-dimer 49 with very close intermolecular Si-CH3···Cs s-block “agostic" 








1.1.3 Structure of Hauser- and Turbo-Hauser Bases5 
Although there is a great deal of information on the utility of these reagents, very little is 
known regarding the nature of (Turbo-)Hauser bases in solution. One reason for that lack 
of information is that Hauser bases show a complex behaviour in solution. It was 
proposed[64] that it could be similar to the Schlenk-equilibrium of Grignard reagents in 
ether solution, where more than one magnesium containing species exists.  
 










Scheme 1-8. The Schlenk-equilibria. 
 
A rearrangement of the organic ligand takes place and ends up in an equilibrium with the 
diorganomagnesium and the magnesiumdihalide (Eqn. I in Scheme 1-8).[65] Later, 
molecular association studies also revealed oligomeric Grignard structures in diethyl ether. 
This fact complicated the simple Schlenk-equilibrium (I) so oligomeric species would have 
to be included (Eqn. II in Scheme 1-8).[66] There are a few known solid state structures of 
Grignard complexes.[67] It was found that the Mg atoms are predominantly tetrahedrally 
coordinated and dimeric species are bridged through halide atoms. Especially in the late 
60s a lot of solution structure investigations have been done mainly by ebullioscopic-,[66, 68] 
calorimetric[69] and NMR[70] measurements. The position of the Schlenk-equilibrium is 
considered to be dependent on the nature of the solvent, the steric of the organic 
substituent, the type of halogen involved and the temperature.[71] In THF, all alkyl and 
arylmagnesium halides (Cl, Br, I) are found to be monomeric over a wide concentration 
range.[66, 69] In diethyl ether, alkyl and aryl Grignard reagents are mostly monomeric at low 
concentrations (less than 0.5 ) and mostly dimeric at higher concentrations (0.5-
1.0 ).[68a]  
 
                                                     
5 Includes revised parts of my publication: R. Neufeld, T. L. Teuteberg, R. Herbst-Irmer, R. A. Mata, D. Stalke, 





Fig. 1-7. Selected structures of dimeric Hauser bases in the solid state with hydrogen atoms omitted for 
clarity. 
 
However, surprisingly there are no investigations concerning the aggregation of Hauser 
bases in solution. In the solid state TMP[72] (50) and HMDS[73] (51) Hauser bases as well as 
all Grignard dimers[67a, 67b, 67e, 74] are bridged by halides (Fig. 1-7). In contrast to Grignard 
reagents, dimeric amido bridged (Turbo)Hauser bases exist, too.6 All have one feature in 
common: They are bridged by less bulky amido ligands like Et2N−[73a] (52), Ph3P=N−[75] (53) 
and iPr2N−[28] (9) (Fig. 1-7 and Fig. 1-8). At least in the solid state, it can be concluded that 
the displacement to halide bridges may be influenced by bulky groups on the amide 
ligand.[64] However, solid state structures may not necessarily maintain in solution. The 
impact of LiCl on the solution structure of Grignard reagents and Hauser bases is still 
unclear. Noteworthy is that the diisopropylamido reagent iPr2NMgCl·LiCl 9 shows a much 
lower reactivity than its TMP counterpart 10. That difference in reactivity was shown by 
the deprotonation of isoquinoline in THF solution (Scheme 1-9). While TMPMgCl·LiCl 10 
required only 2 h and 1.1 equivalents, 9 needed 12 h and 2 equivalents for comparable 
metalation (54).[23]   
                                                     














Scheme 1-9. Contrasting reactivity of Turbo-Hauser base 9 and 10 for ortho metalation of isoquinoline.[23] 
 
The differing reactivity could be a result of unequal aggregation states reflected in a 
different solubility of both reagents. The solubility of TMPMgCl·LiCl 10 is 1.2 , while that 
of iPr2NMgCl·LiCl 9 is only half of it (0.6 ).[23] Actually, in the solid state compound 10 
exists as a monomeric dinuclear contact ion pair (CIP)[72] and compound 9 as a dimeric 
tetranuclear CIP[28] bridged by two amide ligands (Fig. 1-8). In both structures LiCl 
coordinates to the magnesium amides. 
 
Fig. 1-8. Solid state structures of 10·(THF)3 and [9·(THF)2]2 with hydrogen atoms omitted for clarity. 
 
However, it is not clear whether the structures aggregated by LiCl are really stable in 
solution or just transient species. Knochel has speculated that LiCl deaggregates RMgX 
oligomers[23] and forms a more reactive bimetallic monomer RMgCl·LiCl that is supposed 
to give magnesiate character to the Grignard reagent in the sense of a solvent separated ion 
pair (SSIP) [Li(THF)4]+ [RMg(THF)Cl2]−.[76] Garcia-Álvarez and Mulvey et al. analyzed[28] 
crystals of 9 and 10 in THF-d8 solution at −50°C by employing the diffusion coefficient 
formula weight (D-FW) analysis that was pioneered by Williard et al. (see chapter 
1.2.7.2).[77] Because of signal overlapping problems, the authors had to use inappropriate 
references, so the molecular weight (MW) determination was prone to a relatively high 
error of approximately ±30%. This is why they were not able to “clearly establish the exact 
nature of the solution species”.[28] However, the first key conclusion was that the molecular 
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was that a SSIP situation like it was proposed by Knochel et al., described by negative 
charged magnesium ate complexes (like e.g. [RMg(THF)Cl2]−) and free [Li(THF)4]+ 
seemed most probable.[28]  
1.2 Diffusion NMR Measurements 
Like already mentioned in the previous chapters, chemists have always had a vital interest 
in the size and aggregation state of molecules in solution. NMR measurements of self-
diffusion coefficients have gained an increasing importance in this area. The physical 
observable that can be derived from these measurements is the diffusion coefficient D that 
is sensitive to size, shape and density of the molecular species.[6] In the mid-1960s Stejskal 
and Tanner developed the pulsed field gradient spin-echo (PFG-SE) sequence that enables 
the measurement of diffusion coefficients in solution.[78] However, it took at least 30 years 
until diffusion measurements have become routinely accessible through the introduction of 
conventional high-resolution NMR spectrometers that are equipped with pulsed field 
gradient probe heads. Field gradients are necessary to encode the physical location of a 
molecule and therefore to measure its diffusion in solution. In the beginning of the 1990s a 
huge varieties of NMR diffusion methods and applications have been developed and 
applied which were reviewed in several articles.[79] These measurements include 
applications rising from the fields of biology and pharmacy,[80] polymeric,[81] organic[82] and 
inorganic[83] chemistry. In the following sections a theoretical background will be given 
starting from the aspects of diffusion, followed by measuring self-diffusion by applying 
different pulse sequences and finally the advanced process in molecular weight 
determination from diffusion NMR measurements will be discussed. 
1.2.1 Aspects of Diffusion 
Self-diffusion arises from random translational motion of molecules in homogeneous 
solutions (Brownian motion) driven by the thermal energy of the system. This motion may 
be characterized by the so called self-diffusion-coefficient D. The average displacement of a 
molecule in three dimensions is zero over time, but the mean square displacement is non-
zero. The distance of a molecule travelled in a single direction is given by: 
 





where zrms is the root mean square distance of an ensamble of molecules travelled in time t. 
This is why diffusion coefficients have units of m2/s.  
 
The probability (P) of finding a particle at position r, from the starting position r0, over a 
time t, results in a Gaussian function which is a solution to Fick’s second law: 
 





where A represents a geometric volume normalization A = (4πDt)3/2.[79b] The PFG-SE 
diffusion experiment works by expressing P in Eqn. (2) as a function of the nuclear spin 
phase φ, instead of the position r. The de-phasing caused by pulsed field gradients and the 
movement of the molecules during the time t, results after re-phasing in a NMR signal 
intensity attenuation that can be directly related to the diffusion coefficient D. [79b] 
 
As already mentioned, diffusion depends on size and shape of molecules which can be 







where kb is the Boltzmann constant, T the absolute temperature, η the solvent viscosity and 
rs the Stokes radius of a spherical particle that has to be much larger than the solvent 
molecule in a fluid continuum.[84] Often rs is equalized with the hydrodynamic radius rH of 
an equivalent sphere that diffuses with the same diffusion coefficient as the diffusing 
particle. However, this approximation has to be considered carefully. The scaling factor 6 
in Eqn. (3) is invalid for smaller molecules, where the hydrodynamic radius of the solute 
tends towards that of the solvent molecule and therefore has to be corrected (a detailed 
description is presented in section 1.2.7.1). 
1.2.2 The Hahn Spin-Echo Experiment 
The NMR signal that is observed after an initial 90° pulse (Fig. 1-9 and Fig. 1-10b) decays 
with time due to variations in the magnetic field. Inhomogeneities in the external field due 
to intramolecular interactions lead the spins to process at different rates that result in a loss 





dephasing effect can be removed by applying an additional 180° pulse around the y axis 
(after a time τ) that inverts the relative spin positions (Fig. 1-10d). Because each spin 
continues to process with its former frequency, all spins rephase perfectly at time 2τ 
forming a spin echo (SE, Fig. 1-10e).[85] 
 
 
Fig. 1-9. Schematic presentation of the Hahn spin-echo pulse sequence. 
 
   
  
Fig. 1-10. Schematic representation of the Hahn spin echo (SE) pulse sequence and its effects on the spin 
system. 
1.2.3 The Pulsed Gradient Spin-Echo (PFG-SE)-Experiment 
Before starting with the diffusion experiments, first the effect of gradients on the nuclear 





changes with position. Today, most commercially available NMR spectrometers include 
self-shielded gradient coils for use e.g. in automatic shimming experiments. The additional 







Assuming that the Bz gradient is constant, the effective Larmor frequency ωeff is: 
 
 𝜔eff (𝑧) = 𝛾(𝐵0 + 𝐺z ∙ 𝑧) (5) 
 
where γ is the gyromagnetic ratio, B0 the strength of the homogeneous, external static 
magnetic field and Gz the gradient strength of the additional inhomogeneous magnetic 
field. Eqn. (5) shows that the effective Larmor frequency increases when external gradient 
fields are applied. Due to the inhomogeneity of the latter, the spin frequency varies linearly 
along the z-axis over the whole sample (Fig. 1-11). [79b] 
 
 
Fig. 1-11. The influence of the external gradient field on the Larmor frequency distribution. The total 
magnetic field is the sum of the homogeneous static magnetic field and the applied gradient field. 
 
The Hahn spin-echo (SE) pulse sequence, in combination with pulse field gradients (PFG), 
results in a pulsed field gradient spin-echo (PFG-SE)-experiment that is the cornerstone of 







Fig. 1-12. The basic sequence for monitoring self-diffusion (PFG-SE sequence). The diffusion during the 
period Δ is obtained by measuring a series of experiments with increasing gradient strengths. 
 
Without gradient pulses this sequence displays a standard spin-echo experiment (Fig. 1-9). 
When the first gradient Gz (encoding gradient) with the length δ is applied, the 
magnetization vector will impose a spatially dependent phase, which can be refocused by a 
second gradient of equal duration and magnitude. Due to the 180° pulse between them, the 
effect of the gradient pulses would cancel. However this is only true, if the spins of a 
molecule remain in the same physical position. If the molecule diffuses away from its initial 
position during the diffusion delay Δ, then the local field experienced during the second 
gradient (decoding gradient) does not exactly match with the first PFG. This scenario leads 
to an attenuation of the spin echo (SE) signal. 
 
 
Fig. 1-13. Schematic representation of the spin echo signal attenuation through PFG and molecular diffusion. 
a) If no diffusion occurrs than the spins of molecule A and B would refocus after the PFG-SE pulse sequence 
resulting in a full intensity of the spin echo. b) Due to diffusion, the local field experienced by molecule A 
does not match that experienced during the secound gradient puls (A*). The spins do not fully refocus. This 
provides a reduced magnetization in respect to the z-axis and therefore in a redused SE intensity. c) Greater 







Fig. 1-14. Experimental 1D 1H diffusion traces. The intensity decay is a result of a progressively increased 
gradient strength G. 
 
To characterize diffusion rates, it is necessary to progressively increase the parameter Δ, δ 
or the strength of the gradient pulses Gz to monitor the change in the SE intensities. 
However, since longer diffusion times provide additional signal loss due to relaxation 
processes, it is more advantageous to vary the gradient strengths G instead of Δ and δ (Fig. 
1-14). 
 
At the end of a PFG-SE experiment, the observed signal intensity IG is given by the so-
called Stejskal-Tanner equation: [78] 
 
 𝐼G = 𝐼0 exp �−
2𝜏
𝑇2





where I0 is the signal intensity without the gradient spin-echo, τ, δ and Δ the delays as 
displayed in Fig. 1-12, T2 is the transverse relaxation rate constant, γ is the gyromagnetic 
ratio, G is the gradient strength and D is the diffusion coefficient. For a typical PFG-SE 
experiment, where the gradient strength G is varied and the total echo time 2τ is constant a 












Since the constants γ, δ and Δ are known, the diffusion coefficient D can be calculated 
directly from linear or non-linear regression. Optionally the data can be presented in the 
pseudo-2D-DOSY format (Fig. 1-17 in chapter 1.2.6).  
1.2.4 The Pulsed Gradient Stimulated-Echo (PFG-STE)-Experiment 
In the above described PFG-SE-experiment the magnetization is transverse during 
diffusion. Therefore this sequence depends highly on transverse (spin-spin) relaxation 
times T2 (see Eqn. (6)).  
 
This relaxation loss can be very problematic, because very large molecules require long 
diffusion delays (Δ) and simultaneously show increased T2 relaxation rates. In the 
alternative PFG stimulated-echo (PFG-STE)-sequence a second 90° pulse sets the 
magnetization along the z-axis during the diffusion encoding time (Fig. 1-15).[86] In this 
period (τ2) the relaxation is dictated by the potentially slower longitudinal (spin-lattice) 
relaxation rate T1, while T2 relaxation is only present during the relatively short gradient 
periods τ1. After the diffusion period a third 90° pulse returns the magnetization with 
reversed sign to the transverse x-y-plane (Fig. 1-10), so the spin moments can refocus 
again. The observed signal intensity for the stimulated echo (STE) is given by: 
 
 




















When the gradient strength is the only varying parameter, again Eqn. (7) can be used to 
describe the STE-intensity. Compared with the PFG-SE-sequence (Eqn. (6)) it may be seen 
that the signal intensity is reduced by a factor 2 (Eqn. (8)), because shortly after the second 
90° pulse a portion of the magnetization dissipates due to transverse relaxation.[87] This is 
why the difference between T1 > T2 is important and the initial signal has to be strong 
enough to allow a sufficient PFG-STE-experiment.  
1.2.5 Advancements to the Stimulated-Echo  
Over the years, the PFG-STE sequence led to the development of advanced diffusion NMR 
pulse sequences with the aim to minimize lineshape distortions, to reduce experiment time 
and to suppress convection disturbance. In following, the benefits of some advanced pulse 
sequences will be displayed in a sense of a short overview: 
 
1) BPP-LED: The key feature of this sequence is the replacement of single gradient 
pulses in the STE sequence by a pair of accurately matched pulses having different 
polarities that are separated by a 180° pulse. These so called bipolar pulse pairs 
(BPP) reduce eddy current distortions and minimize residual background gradients 
that lead to reduced lineshape disturbances.[88] In addition the “longitudinal-eddy-
current delay” (LED) pulse sequence reduces also effects of eddy currents in 
diffusion measurements by introducing an eddy current delay period prior to 
detection.[89] 
 
2) ONE-SHOT: The use of balanced asymmetrical bipolar gradient pairs in addition 
to purge gradients leads to rapid diffusion measurements and often to higher 
signal-to-noise ratios (compared to the BPP-LED pulse sequence).[90] 
 
3) D-STE: The so called “double-stimulated-echo” experiment is the most effective 
sequence that cancels the unwanted effect of convection during the diffusion 
measurement by dividing the total diffusion period in two STE sequences.[91] 





4) Pure Shift: The Zangger-Sterk pulse sequence suppresses multiplet structures in the 
spectral dimension that minimize signal overlap problems.[92] 
1.2.6 Extracting Diffusion Coefficients  
Once the diffusion data set is collected (typically consisting as a set of 16-32 1D spectra) the 
diffusion coefficients of the species of interest have to be extracted from the data. The data 
analysis relies on fitting the attenuated intensity of a component as a function of the 
applied gradient strength. The diffusion coefficient D can be extracted either from non-
linear Gaussian- (Fig. 1-16a), exponential- (Fig. 1-16b) or linear- (Fig. 1-16c) regression 
fits. However, because of a less accuracy of ln(I/I0) the linear fits are less accurate than the 
non-linear fits. 
 
   
Fig. 1-16. Regression fit analysis to extract the diffusion coefficient by fitting a) IG vs. G (Gaussian decay 
profile); b) IG vs. G2 (exponential decay profile) and c) IG/IG=0 vs. G2 (linear decay profile). 
 
A highly aesthetic presentation of the diffusion data is the pseudo 2D spectrum introduced 
by Morris and Johnson in 1992.[93] The first dimension represents the regular chemical 
shifts δ and the second dimension gives the diffusion coefficients D of species separated by 
their particle size (Fig. 1-17). The authors referred this pseudo 2D experiment as 
“Diffusion-Ordered NMR Spectroscopy” (DOSY).[93] Typically the diffusion coefficients are 
extracted from exponential fits that are described above, while the peak width reflects the 
magnitude of the fitting error. Since its invention in 1992, the DOSY “NMR 
Chromatography” experiment has gained huge popularity as an advanced tool for 






Fig. 1-17. Example of a pseudo 2D-DOSY-spectrum with three compounds with unequal sizes and therefore 




Fig. 1-18. Number of publications using the concept of DOSY.7  
 
It is essentially important that signals show a desirable distribution, so no signal overlap is 
present. However, for weak overlap a range of more complicated mathematical procedures 
like e.g. CONTIN, DECRA and CORE are available. In cases of high signal overlap the 
apparent diffusion coefficient will be an intermediate result of both components. An 
alternative for signal overlapping problems may be the use of single shift pulse sequences[92] 
or hybrid diffusion sequences such as COSY-IDOSY[94], HSQC-IDOSY[95] or TOCSY-
DOSY[96] (so called 3D-DOSY experiments; IDOSY means the implementation of an 
                                                     





INEPT transfer into a BPP-STE sequence, where the signal detection is performed on the 
heteroatom while the diffusion encoding is performed on 1H magnetization). 
1.2.7 Molecular Weight Determination 
1.2.7.1 Molecular Weights Derived from the Stokes-Einstein Equation 
Usually species are identified by comparing the hydrodynamic radius of a reference 
molecule with that of the solute. The hydrodynamic radius rs of the solute can be directly 







where kb is the Boltzmann constant, T the absolute temperature, η the solvent viscosity and 
Ds is the diffusion coefficient.[84] For a quantitative relation of the hydrodynamic radius 
with the molecular weight (MW) of a particle the following equation can be used:[97] 
 








where NA is the Avogadro constant, M is the MW and ν is the partial specific volume of the 
particle. Further it is possible to relate the diffusion coefficients of two molecules Ds and 












However, equations (9) to (11) are only true for ideal spherical particles that have to be 
much larger than the solvent in a fluid continuum. For non-spherical molecules with a 
slightly larger size than the solvent, the additional factors cs for size- and fs for shape 











Gierer and Wirtz (Eqn. (13))[98] and Chen et al. (Eqn. (14))[99] derived the factor cs as a 




The dependence of c on rs taking methylene chloride as solvent is demonstrated in Fig. 1-
19a. Further the shape of the molecule can be accounted for the shape factor fs that was 





where a is the major and b is the minor semiaxis of an ellipsoidal molecule. The 























































Fig. 1-19. a) Dependence of the size factor c on the hydrodynamic radius of the solute rs using methylene 
chloride as solvent. According to Chen as well as to Gierer and Wirtz the size coefficient c tend to the value 6 
with rs values greater than 40 Å. b) Dependence of the ratio a/b on the shape factor f s for prolate and oblate 
ellipsoidal molecules.[79c] 
 
Both, the Gierer-Wirtz as well the Chen modification assume the knowledge of the solvent 
radius rsolv. Evans et al. modified the Gierer-Wirtz Eqn. (13) by using the effective solvent 
density ρeff instead of the solvent radius rsolv assuming that all small molecules have the 
same effective density, the same shape, solvation and flexibility.[101] The estimation of D is 


















Where η is the viscosity, MWsolv the molecular weight of the solvent and MWs the 
molecular weight of the solute. The authors showed also that the MW-prediction of small 
molecules, like e.g. toluene, anthracene and cholesteryl acetate, using the unmodified 
Stokes-Einstein equation (9) produced an average root mean square error of RMS = 45%. 
The application of Evan’s method increases the accuracy dramatically with an average error 






1.2.7.2 Molecular Weights Derived from a Power Law 
Besides the above mentioned Stokes-Einstein-modifications, especially the empirically 
derived power law is probably one of the most powerful classes of relations which correlate 
the MW and the diffusion coefficient according to: 
 
 𝐷 = 𝐾 ∙ 𝑀𝑊𝛼 (18) 
 
where D is the diffusion coefficient, MW the molecular weight of the solute and K and α 
are compound dependent constants. α is often related to the Flory exponent that comes 
from the fractal theory and can be described as a measure of compactness of a molecular 
shape. A Flory exponent of −α = 0.33 notes that the space is totally filled and no holes are 
left. On the other hand a Flory exponent of –α = 1 means that the molecule is completely 
one-dimensional and extends linearly like a rigid rod.[81a] A double logarithmic plot of the 
diffusion coefficients from appropriate standards against their MWs leads to a linear 




Fig. 1-20. A plot of diffusion vs. MW for a series of poly(ethylene oxide) samples in D2O provides a linear 
relationship.[81a] 
 
This power law gives good results but is restricted to a specific class of compounds.[81a] 
Especially the polymer community has applied this power law to estimate the MW 
distribution of polymer solutions such as globular proteins,[81a] oligosaccharides,[81b] 
polyethyleneoxides[81c] and denatured peptides[102] in various solvents.[6] In 2007 Crutchfield 





they illustrated that using the power law a relatively good MW-determination was possible 
with an average error of 11% (Tab. 1-1). Unfortunately, the maximum error was still very 
high (±35%).[103]  
 
Tab. 1-1. RMS errors for MW-determination of small molecules (<1100 g/mol) by different methods. 







In diffusion measurements the absolute diffusion coefficient is affected by various sources 
of errors like e.g. diversities in temperature, fluctuation, convection, viscosity and 
concentration effects. In addition NMR device constants like e.g. gradient strength and 
pulse duration influence the absolute diffusion coefficient. To overcome this problem 
Williard et al. introduced several internal references (at least 3) with known MWs to the 
analyte sample.[104] Since all of them experience the same physical environment the above 
mentioned distortions on the diffusion coefficient vanish for this specific NMR sample. By 
plotting the diffusion coefficients of the internal references against their MWs, an internal 
calibration curve (ICC) can be derived, which can be used to calculate the MW of the 
analyte. Using the so called “Diffusion Coefficient−Formula Weight (D-FW) Analysis” a few 
authors were able to characterize several organometallic compounds in solution.[105] A great 
review on the practical use of this method is given in reference [77]. Unfortunately the 
ICC-method has some important disadvantages: on the one hand the ICC employs just a 
few references (mostly 3) and is often based on a small molecular weight distribution. On 
the other hand each ICC is only useful for one NMR sample. Another disadvantage is that 
all of the internal references have to fulfil several key factors:  
 
(a) They should be inert to the analyte in solution.  
(b) Their NMR signals should not overlap with other components.  
(c) The internal references should have no coordinating ability to the analyte.  
(d) All references should be well soluble in the solvent. 






Therefore, it is a big challenge to choose the appropriate internal references, because often 
at least one of the above-mentioned exigencies would not be met. 
 
Since the authors did not take the shape of the references and the analyte into account, the 
accuracy the D-FW analysis is in the same range of Crutchfield’s method with a maximum 
error of approximately ±35%. For example the MW prediction of acetone-d6 gives good 
results (MWcalc(actetone-d6) = 64 g/mol, MWdet(actetone-d6) = 67 g/mol, MWerr(actetone-
d6) = 5%) but that of the very flat and expended molecule chrysene produces an error of 
−35% [MWcalc(chrysene-d12) = 240 g/mol, MWdet(chrysene-d12) = 158 g/mol, MWerr(chry-
sene-d12) = −35%].[104a]  
1.3 Scope of this Thesis 
The aggregation and solvation numbers of organometallics and organoamides play a 
dominant role in reaction mechanisms and product forming. Therefore, the knowledge of 
reactive aggregates especially in solution where they operate is a prerequisite to understand 
how these molecules react and why they yield which products. Diffusion measurements 
and related molecular weight (MW) determinations proved to be very helpful tools for 
identifying reactive intermediates in solution. However, the available methods require 
either several mathematical corrections or the addition of multiple internal standards. 
However, especially for small molecules these methods provide a significant error in MW 
determination.  
 
The main scope of this thesis was the development of a straight forward methodology 
which determines MWs from diffusion coefficients with viable accuracy.  
  
The “original” Stokes-Einstein equation (9) has been modified by various correction 
factors. These take for example the size of the solute in respect to the solvent and the shape 
of the solute into account. In comparison, for power law derived MW determinations the 
analytes have been divided into specific classes of compounds, like e.g. proteins, polymers 
of glycosides or poly(ethylene oxides) and the class of “small molecules” with MWs 
< 1100 g/mol. All of them show a linear relationship between MW and diffusion 
coefficient. However, the MW determination of small molecules sill results in huge 
maximum errors of approximately ±35%. Taking the shape and the density of small 





the D-FW analysis pioneered by Li and Williard et al. is directed on multiple internal 
references which might interfere with the analyte. This is why the method is restricted to a 
handful internal references and many analytes cannot be examined due to signal overlap 
problems. Therefore, it would be highly beneficial if only one internal reference would be 
sufficient for accurate MW determinations. Furthermore, there are no investigations 
concerning the impact of molecule density and the absolute temperature on power law 
derived MW predictions.  
 
 
Fig. 1-21. Illustration: MW determination of dimeric Hauser base [7·THF]2 in THF solution. 
 
Finally, the new developed MW determination methodology should be used to characterize 
the solution structure of prominent organometallics like e.g. LDA in toluene solution or 
Hauser bases (Fig. 1-21) and their Turbo-analogues in THF solution, whose solution 
structures were still unclear due to the absence of appropriate analytical methods.  




2 RESULTS AND DISCUSSION 
2.1 Development of the DOSY-External Calibration 
Curve MW-Determination Methodology8 
2.1.1 Application of a Normalized Reference System with Fixed 
Diffusion Coefficients 
Like already mentioned in the introduction, absolute diffusion coefficients are affected by 
various sources of errors like e.g. diversities in temperature, fluctuation, convection, 
viscosity and concentration effects. Additionally the NMR-device properties and constants 
like gradient strength and pulse duration have an influence on the absolute diffusion 
coefficient (Fig. 2-1). This is why the latter can only be compared under ceteris paribus 
conditions. To overcome the complications of these effects and to enable tabulated 
diffusion coefficients, the use of an internal standard is necessary. Those standards provide 
more resilient diffusion coefficients for any changes in the NMR sample. A ratio, often 







where ref and x correspond to the reference and analyte, respectively. This approach 
reduces the impact of viscosity, temperature, NMR-device properties and provides more 
robust data. Besides the abovementioned advantages this method has a disadvantage. Eqn. 
(19) produces relative diffusion values that always depend on the one reference molecule it 
has been referenced for. This reference has no strict or defined diffusion value. Therefore it 
would be more advantageous to employ relative diffusion coefficients with fixed diffusion 
values. Empirically derived results showed that logarithmic diffusion values are connected 
approximately linearly, independent of gradient and magnetic field strength, gyromagnetic 




                                                     
8 A revised version of my publication: R. Neufeld, D. Stalke, Chem. Sci. 2015, 6, 3354–3364. 




That is why the linear Eqn. (20) was empirically derived: 
 
 log𝐷x,norm = log𝐷ref,fix − log𝐷ref + log𝐷x (20) 
 
Where logDref,fix is the fixed value of the reference logDref the measured diffusion coefficient 
of the reference, logDx the diffusion coefficient of analyte x and logDx,norm the relative 
diffusion value of the analyte x normalized to the reference. Eqn. (20) ensures that all 
molecules get a normalized diffusion coefficient relative to the internal reference. For 
diffusion measurements for all TOL-d8 solvates adamantane (ADAM) and for all THF-d8 
solvates 2,2,3,3-tetramethylbutane (TMB) was used as internal references (Table 2-1). 
 
Table 2-1. logDref,fix values of the used internal references.  
internal reference  logDref,fix  a) 
ADAM in TOL-d8 b) −8.8454 
TMB in THF-d8 c) −8.7749 
 
The validity of Eqn. (20) was proved by measuring DOSY spectra of 18 model compounds 
on two different NMR spectrometer devices, where one spectrometer had calibrated and 
the other uncalibrated gradients. Although differences in gradient calibration, temperature 
and concentration automatically give deviations in absolute diffusion (Fig. 2-1), Eqn. (20) 
provides excellent results for the normalized diffusion coefficient logDx,norm independent of 
the used NMR spectrometer with an average standard deviation of only σ(logDx,norm) = 
0.003 in TOL-d8 and 0.002 in THF-d8 (A-Table 1and A-Table 2 in the appendix).9 This 
experiment demonstrates the robustness of Eqn. (20) and the normalized diffusion 
coefficients. 
  
                                                     
9  Derived from 18 independent measurements of 18 molecules with MWs ranging from 70 g/mol 
(cyclopentane) to 623 g/mol (BINAP). 
a)  Each diffusion coefficient was estimated by using the middle logD value of 15 DOSY measurements 
of 15 mM solutions at 25°C. 
b)  ADAM has two signals in the 1H-NMR-spectrum. For determining the diffusion coefficient, the 
signal of the −CH2 groups with the highest intensity was used. 
c)  The chemical shift of one ADAM signal is very close to the THF-d7 signal at 1.73 ppm. Therefore 
TMB was used as internal reference for all THF-d8 solvates. 








Fig. 2-1. Superposition plot of two DOSY spectra measured on two different NMR devices (red and blue). a) 
The absolute diffusion coefficients of Si(SiMe3)4 (TTS) are uneven logD(TTS1) ≠ logD(TTS2) and 
logD(TMB1) ≠ logD(TMB2) due to different gradient calibrations in the NMR devices and e.g. diversity in 
viscosity and/or temperature. b) The signal of the references has been shifted to a fixed value and the signals 
of TTS have been moved by the same increment of Δ1 = Δ2. With that referencing method it is possible to 
obtain the same diffusion values for analyte x independent of the used NMR device or changes in solution 
properties. 




2.1.2 External Calibration Curves (ECC) and Internal References 
The D-FW-determination developed by Li and Williard et al. relies on an internal 
calibration curve (ICC) that has been generated by a single DOSY measurement where all 
references are present in the same NMR sample. The calibration curves which will be 
presented in this work were generated by measuring 28 model compounds in independent 
NMR samples. This is why these calibration curves are named “external calibration curves” 
(ECC). These calibration curves have been plotted the common way by linearizing the 
power law (18) with taking the logarithm of both sides:[104d] 
 
 log𝐷x,norm = log𝐾 + 𝛼 log𝑀𝑊calc (21) 
 
Plotting logDx.norm versus logMWcalc of all model molecules in one diagram gives a linear 
correlation but with a significant deviation especially for the very low and higher weight 




Fig. 2-2. ECC-plot: LogDx,norm vs. logMWcalc of 28 model compounds in TOL-d8. All compounds were 
normalized to logDref,fix(ADAM) = −8.8454, see Table 2-1. a) The diffusion coefficients show a linear 
correlation. However, some compounds display significant deviations from a linear behavior (corr. 
R2 ≤ 0.97). b) Taking the shape (DSE, CS and ED) into account gives much better correlations between 
diffusion coefficients and MWs (corr. R2 ≥ 0.99). The same trend is observable in THF-d8 solution.   
 
To find a better correlation between diffusion coefficient and the MW three dimensional, 
shape optimized models of all model compounds were generated (A-Table 3 in the 
appendix). By comparing the diffusion coefficient of each molecule with its shape and 
compactness features, one can see a significant disparity.  
 




The molecules can be classified in three different types:  
 
a) compact spheres (CS)  
b) dissipated spheres and ellipsoids (DSE) 
c) expanded discs (ED) 
 
Of course the transitions between those types occur across a foggy line but there are clear 
systematic trends that can be rationalized. From Fig. 2-3 it is obvious, that CS have nearly 
the same radius in all dimensions with a high-density space like for example the compact 
molecules ADAM or Si(SiMe3)4. 
 
 
Fig. 2-3. Example molecules that were classified in the ECC as CS, DSE and ED like molecules. 
 
However, the majority of small molecules diffuse like DSE. These are either spherical-like 
molecules that are less compact than CS (e.g. compounds with dative bonds like 
[Li(THF)4]+) and/or ellipsoidal molecules like e. g. tetramethoxypropane or 2,2-bis 
(diphenylphosphino)-1,1-binaphthyl (BINAP). Small aromatic compounds like toluene, 
indene or naphthalene with MW < 160 g/mol diffuse also like DSE molecules. The signifi-
cance of two dimensional shapes begins approximately at MW > 178 g/mol. This is the 
region where the type of the ED begins, including molecules like anthracene (178 g/mol) or 
tetraphenylnaphthalene (TPhN, 433 g/mol). Depending on these different molecular 
types10 the ECC plot gives excellent linear fits (Fig. 2-2b) with a small error and very high 
R² values of R² ≈ 1 (A-Figure 1 and A-Figure 2 in the appendix). These fits result in six 
different ECCs: ECCCS, ECCDSE and ECCED for each solvent (TOL-d8 and THF-d8). The 
linear fit parameters are summarized in Table 2-2. Merged calibration curves were also 
generated, for MW-determinations of compounds with unknown molecular shapes.  
  
                                                     
10 A fourth type of molecule shape is also thinkable that should distinguish from the already mentioned ones: 
rod shaped molecules. However, in this Ph.D. thesis the focus is on CS, DSE and ED molecules. 




Table 2-2. Linear fit parameter for the four ECCs each for TOL-d8 and THF-d8 solutions 
 TOL-d8  THF-d8 
 −logK −α  −logK −α 
𝐄𝐂𝐂𝐂𝐒𝐒  7.7581 0.5018  7.7427 0.4943 
𝐄𝐂𝐂𝐃𝐒𝐄𝐒  7.5197 0.6098  7.5360 0.5824 
𝐄𝐂𝐂𝐄𝐃𝐒  7.1008 0.7836  7.1205 0.7519 
𝐄𝐂𝐂𝐦𝐞𝐫𝐠𝐞𝐒  7.4595 0.6318  7.4664 0.6095 
 
When internal calibration curves (ICC) are used, then all references have to be in the same 
sample. The diffusion coefficients of those internal references show a linear dependency. In 
the above presented external calibration curves (ECC), (where each model compound has 
been measured with ADAM or TMB as single internal reference), a linear behavior is 
observable, too. These compounds behave as they were all measured in the same NMR 
sample. Therefore the idea occurred that beside ADAM and TMB, basically all model 
compounds could act as internal references for the ECCs, according to: 
 
 log𝐷x,norm = log𝐷ref,fix∗   (22) 
 
Consequently DOSYs were measured with some model compounds (e.g. ADAM + 
Si(SiMe3)4 + naphthalene in TOL-d8) in the same NMR sample. Every compound was used 
as internal reference by applying equation (22). In fact it is possible to determine accurate 
MWs of all compounds by using the normalized logDx,norm value as fixed reference (Table 
2-3). The MWs can be calculated by using the ECC-parameters from Table 2-2 and 
following equation: 
 
 𝑀𝑊det = 10
�
log𝐷x,norm−log𝐾
𝛼 � (23) 
 
And the deviation of the determined MW (MWdet) from the calculated MW (MWcalc) is 
estimated according to: 
 
 𝑀𝑊err = �1 −
𝑀𝑊det
𝑀𝑊calc
� ∙ 100% (24) 
 
Utilizing e.g. the residual proton signal TOL-d7 as internal reference, ADAM, Si(SiMe3)4 
and naphthalene can be determined with an average deviation of ±5%. Or in other words, 
the “real” molecular weight was missed by only 5%, although a calibration curve was used 
which relies on the basis of many references that were not present in this NMR sample. 
 




Table 2-3. Mixed composition of compounds (each 15 m) in TOL-d8 acting them self as internal 
reference for the DOSY-ECC-MW-determination. 







Naphthalene   
Analyte MWcalc MWdet MWerr MWdet MWerr MWdet MWerr MWdet MWerr 
 [g/mol] [g/mol] [%] [g/mol] [%] [g/mol] [%] [g/mol] [%] 
TOL-d7 b) 99 96 3 97 2 96 3 97 2 
ADAM a) 136 144 −6 147 −8 144 −6 145 −7 
Si(SiMe3)4 a) 321 304 5 309 4 303 5 305 5 
Naphthalene b) 128 122 5 124 3 122 5 122 5 
 
With the ECC-method it is possible to simulate a bench of internal references by adding 
just one of them to the NMR sample. All 28 compounds behave like they were all measured 
in the same NMR sample. Inert compounds that are suitable to act as internal reference 
and their log𝐷ref,fix∗  values are summarized in Table 2-4. In the next chapter the use of the 
residual solvent signal of TOL-d8 and THF-d8 as internal reference is examined in detail. 
 
Table 2-4. Overview of all ECC-adapted inert references that fulfill the requirement of internal references 









70 Cyclopentane −8.6694 −8.6437 
79 THF-d7 b,f) -- −8.6335 
88 TMS −8.7445 −8.7018 
92 TOL -- −8.6742 
99 TOL-d7 d,f) −8.7289 -- 
114 TMB −8.7963 −8.7749 c) 
116 Indene −8.7698 −8.7325 
128 Naphthalene −8.7932 −8.7461 
136 ADAM e) −8.8454 c)  -- 
178 Diphenylacetylene −8.9095 −8.8535 
178 Anthracene −8.8574 −8.8129 
192 9-Methylanthracene −8.8824 −8.8440 
202 Pyrene −8.8960 −8.8457 
204 1-Phenylnaphthalene −8.9184 −8.8812 
228 Triphenylene −8.9552 −8.8869 
321 Si(SiMe3)4 −9.0038 −8.9773 
433 Tetraphenylnaphthalene −9.1660 −9.1054 
a) ECCCSTOL , b) ECCDSETOL were used to calculate the MW.  




2.1.3 Quality of TOL-d7 and THF-d7 as Internal Reference 
To compare the quality of the ECCs, MWs of all model compounds were calculated by 
using the log𝐷ref,fix∗  values of TOL-d7 and THF-d7 as internal references (Table 2-4). The 
MWs of the model compounds were determined by using the appropriate ECCs. The MW 
of cyclopentane (Fig. 2-4, very left point, MWerr = 7%) was e.g. determined by using ECCCS 
and TPhN (Fig. 2-4, very right point, MWerr = 0%) by using ECCED. Fig. 2-4 shows that the 
quality of MW-determination is reference-independent. It does not matter if ADAM/TMB 
or TOL-d7/THF-d7 were used as internal reference. Both give excellent MW-predictions 
with a standard deviation of only σ = 4%. The maximum error in both solvents is 





Fig. 2-4. Using a) ADAM or TOL-d7 and b) TMB or THF-d7 as internal reference (15 m) gives a good 
MW-determination with a standard deviation of only 4%.  
a) When a compound had more than one 1H signal, the average diffusion coefficient was used. 
b) Due to the very high access of the solvent, the signal of THF-d7 can be used as internal reference, but 
a higher MWdet error can occur, when the solvent is coordinating to e.g. a metal. 
c) The “original” logDref,fix values that were used for all ECCs. 
d)  A the middle diffusion coefficients of the three aromatic protons was calculated. The final diffusion 
coefficient was calculated by middling this value with the diffusion coefficient of the methyl group at 
1.73 ppm. 
e)  ADAM has two signals in the 1H-spectrum. For determining the diffusion coefficient, the signal of 
the −CH2 groups with the highest intensity was used. 
f)  The residual solvent signal of TOL-d8 and THF-d8 that arises from the proton of isotopomers 
containing one less deuterium atom than the perdeuterated solvent[106] are referred as TOL-d7 and 
THF-d7. 




2.1.4 Influence of Shape 
There are several modifications of the Stokes-Einstein equation which take the molecule’s 
shape into account (by adding e.g. correction factors).[79c, 99, 101] The power law derived MW-
determinations distinguish mostly between compound classes,[81a] large[107] and small 
molecules,[103] but not directly between different shapes within those molecular classes. In 
this chapter it will be demonstrated that the accuracy of the power law derived MW-
prediction is highly affected, also for small molecules, by the analyte’s shape. To validate 
this issue external calibration curves ECCED, ECCDSE and ECCED were used for MW-
determination of all molecules without considering their true shape (Fig. 2-5). When for 
example the ECCCS (that is for compact spherical molecules) is used on expanded disc like 
molecules, the determined MW will have a massive error especially for big molecules (Fig. 
2-5A).  
 
 a) b) 
 
  
 c) d) 
 
  
Fig. 2-5. Using exclusively a) ECCCS, b) ECCDSE c) ECCED and d) ECCmerge on all model compounds (15 m) 
in TOL-d8 and THF-d8. E.g. the MW-determination of TPhN (an expanded flat disc, MW calc = 433 g/mol) in 
TOL-d8 with spherically references (ECCCS) would produce a MW of MWdet = 639 g/mol with an error of 
MWerr = 48%. This is why it is very important to use appropriate references with right shapes for accurate 
MW-determinations. 




Anticipating for example TPhN (an expanded flat disc, 433 g/mol) in TOL-d8 to be 
spherical would produce a MW of MWdet = 639 g/mol that is a 48% overestimated mass 
(Fig. 2-5A). Using e.g. the ECCED for non-oblate molecules would produce especially for 
small molecules with MWcalc < 170 g/mol a large error (Fig. 2-5C). The merged calibration 
curve ECCmerge (Fig. 2-5D) determines MWs in a range of MWerr = ±23%. However, the 
deviation is much smaller in the region of approximately 120-200 g/mol. On one hand that 
means that in this MW-region all molecules diffuse more or less independently from their 
shape. On the other hand the MW-determination (and the self-diffusion) of molecules that 
are outside that region, is increasingly influenced by the analyte’s shape. Using the wrong 
calibration curve (or for example wrong references for an ICC) can produce highly 
erroneous MW-values. This is the reason why other calibration curves[101, 103, 108] that 
correlate a bundle of different molecules without considering the right shape, lead to bigger 
deviations from the correct MWs in the range of MWerr = ±30%. By taking the correct 
shape into account it is possible to determine more accurate MWs with a deviation of 
MWerr ≤ ±9% (A-Table 6 and A-Table 7 in the appendix). 
2.1.5 Influence of Concentration 
All above mentioned ECCs were derived from diluted solutions (15 m). It was important 
to validate how good the ECC-MW-determination works, when the concentration is much 
higher than 15 mM. Therefore DOSYs of some model compounds have been measured at 
significantly higher concentrations of 240 mM (reference and analyte each 120 m). The 
results are shown in Fig. 2-6.  
 
 
Fig. 2-6. DOSY-ECC-MW-determination of some model compounds at a concentration of 120 mM at 25°C 
in TOL-d8. ADAM was used in equimolar concentration as internal reference. 
 
 




The Stokes-Einstein equation is only valid for infinite diluted solutions. Therefore the error 
should be bigger with high concentrated solutions. However, the average deviation of the 
estimated MW is only a little higher and most of the compounds are still in the ±9% range. 
The biggest error arises probably due to intermolecular interactions that result in higher 
estimated MWs. Especially π-interactions of big aromatic systems, at high concentrations 
could significantly increase the error of estimated MWs (A-Table 8 in the appendix). 
Anyway, all compounds without aromatic rings have been determined within ±9% 
deviation. The power law seems to be valid even for higher concentrations, if inter- or 
intramolecular interactions can be excluded. At lower temperatures inter- or 
intramolecular interactions increase. Therefore the error of MW-determination, especially 
for huge aromatic systems should also increase with high concentrations. This is why for 
low temperature measurements diluted samples should be used. Thanks to the internal 
reference, the ECC-MW-determination. 
2.1.6 Influence of Temperature 
According to the Stokes-Einstein equation the self-diffusion should be inversely 
proportional to the viscosity. Indeed, increasing the solvent viscosity by cooling the NMR 
sample from room temperature to −75°C leads to an increase of the diffusion coefficient by 
almost two magnitudes! Thanks to the internal reference, the ECC-MW-determination of 





Fig. 2-7. DOSY-ECC-MW-determination of Si(SiMe3)4 (TTS, 15 m) in a) TOL-d8 and in b) THF-d8 at 
different temperatures. Thanks to the internal reference, the ECC-MW-determination of TTS gives in the 
full temperature range good results. However, below −50°C the use of the residual THF proton signal 
THF-d7 can be problematically, due to hydrogen bonding with residual water molecules. 
 




The internal reference is able to compensate for viscosity changes in the solvent (see also 
A-Table 9 in the appendix). Notably, the MW-determination is still possible at 
temperatures close to the boiling point of the solvent. This would give the opportunity to 
observe species that are forming during reactions at elevated temperatures. Furthermore, it 
is obvious that the signal of TOL-d7 is a useful internal reference for both high and low 
temperatures. However, using more polar THF-d7 below −50°C can get problematically. 
This probably results from solvent-solvent interactions and hydrogen bonding with 
residual water molecules. 
2.1.7 Influence of Halides and Molar Density 
In the Stokes-Einstein equation the diffusion coefficient relies on the shape and on the 
hydrodynamic radius of the particle. The latter can be described by the volume of the 
surrounding solvent molecules, the electron cloud and also the volume of the atoms. One 
has to keep in mind that the volume of an atom is not proportional to its atom weigh. 
Especially halides, compared to their atomic radii, have very high atomic masses and 
therefore a high mass density. For instance a potassium cation has an ion radius of 138 pm 
and an atom weight of 39 g/mol. An iodine atom has almost the same radius of 133 pm but 
an atom weight of 127 g/mol that is 320% higher than that of the K+ cation.[109] The herein 
presented ECCs were elaborated with references that consist of hydrocarbons with some 
heteroatoms of the third period like silicon, phosphor and sulfur. Therefore especially 
compounds containing heavy halides will be underestimated in MW. While chlorine 
containing compounds are estimated with good accuracies the much denser bromides 
show bigger deviations from the correct MWs (Table 2-5).  
 












1-Hexylchloride 120 117  2 5.49 
1-Octylchloride 149 143 4 5.29 
1-Decylchloride 177 176 1 5.13 
1-Propylbromide 123 82 34 9.66 
Triphenylmethylbromide 323 283 12 6.45 
9,10-Dibromoanthracene 336 194 b) 42 8.71 
1-Butyliodide 184 102 45 11.15 
a) ECCDSE and b) ECCED was used to determine the MW 





Especially increasing halide to carbon ratio leads to bigger errors. For example 
triphenylmethylbromide with one bromine atom is underestimated by 12%. But 9,10-
dibromoanthracene with two bromides, a small carbon backbone and therefore a very high 
molar density is underestimated in MW by 42%. These examples demonstrate that the 
power law depends not only on the shape of the molecules but also heavily on the 
molecular density. 
 
There are more or less extensive ways to calculate the density of a molecule. However, a 
simple but robust equation that correlates the MW to the approximated volume of a 













where MDW is the molar van der Waals density, MWcalc the calculated molecular weight of 
a compound, VW the van der Waals volume and rW the van der Waals radius of n atoms. In 
respect to this equation the van der Waals volumes[110] of all atoms of a compound were 
calculated and summed up to one single van der Waals-sphere (VSph) (A-Table 10 in the 
appendix). Of course this method is just an approximation without considering the real 
covalent bond-bond distances and the shape of the compounds. But the ratio between the 
MW and the sum of all van der Waals volumes (Vw, see Table 2-7, vide infra) leads to a  
 
 





Fig. 2-8. Molar van der Waals-density (MDW) distribution in the model compounds and molecules with 
heavy atoms. The ECCs presented in this thesis work well with molecules with a molar density between 
4.3·1029 g/(mol·m3) and 5.9·1029 g/(mol·m3). 
 
value that represents approximately a molar van der Waals density (MDW) in a unit of 
g/(mol∙m3). Plotting MDW against MWcalc give for all model compounds an average density 
distribution of around 5.2·1029 g/(mol·m3) (Fig. 2-8). Obviously the ECCs presented in this 
thesis work well with molecules with a molar density between 4.3·1029 g/(mol·m3) and 
5.9·1029 g/(mol·m3). Higher molar van der Waals densities like for example 9,10-
dibromoanthracene [MDW = 8.7·1029 g/(mol∙m3), Table 2-5] will be underestimated and 
lower MDw values will be overestimated in MW. To obtain accurate MWs for molecules 
with high densities it is necessary to measure new calibration curves with references of 
comparable molar densities and shapes. However, in order to apply a density correction on 
the MWdet value of highly densed molecules a correction factor Xcorr can be calculated for 







Table 2-6. DOSY-ECC-MW-determination of various compounds (DSE shape, 20 mM in THF-d8) with 








1-Butylbromide C4H9Br 8.62E+29 137 93 1.473 
1-Propylbromide C3H7Br 9.66E+29 123 82 1.500 
1-Pentylbromide C5H11Br 7.92E+29 151 106 1.425 
1-Butyliodide C4H9I 1.12E+30 184 102 1.804 




FeCp2 C10H10Fe2 6.89E+29 186 153 1.216 
Triphenylmethylbromide C19H15Br 6.45E+29 323 290 1.114 
2-Chlorobenzoxazole C7H4ClNO 6.66E+29 146 124 1.177 
 
Plotting e.g. the Xcorr factor of molecules with DSE shape (Table 2-6) against their molar 
van der Waals density MDW gives a linear dependency (Fig. 2-9): 
 
 
Fig. 2-9. Plot of MDw vs. Xcorr for density correction of molecules with molar van der Waals densities above 
5.9·1029 g/(mol·m3) 
 
With parameter a and b it is possible to apply a density correction on MWdet values for 
molecules with molar van der Waals densities above 5.9·1029 g/(mol·m3): 
 
 𝑀𝑊det,corr = 𝑀𝑊det ∙ 𝑋corr (27) 
 
However, equation (27) should be used with caution, since its ability was not proved on a 
significant amount of model compounds with high molar densities. 
 
Table 2-7. Van der Waals Volumes of selected elements.[111] 
Element VW [m3]   Element VW [m3] 
H 5.575E−30   O 1.471E−29 
Li 2.525E−29   Si 3.879E−29 
Na 4.900E−29   P 2.443E−29 
K 8.711E−29   S 2.443E−29 
Rb 1.165E−28   Cl 2.245E−29 
Cs 1.690E−28   Br 2.652E−29 




Mg 2.169E−29   I 3.252E−29 
C 2.058E−29     
N 1.560E−29     
2.1.8 Influence of Deuterated Compounds 
The MW-estimation of the residual solvent peak (THF-d7, 79 g/mol) gives a MW of 
63 g/mol that would be underestimated in MW (MWerr = 20%). The determined MW fits 
much better to the protonated THF-h8 species (72 g/mol, MWerr = 8%). This is congruent 
to the nearly similar atomic radius of D compared to H. According to the abovementioned 
correlation of the atomic volume and the corresponding diffusion coefficient, it is clear that 
deuterated molecules diffuse approximately like their protonated counterparts, although 
they have slightly higher MWs. In the case of TOL-d7 (99 g/mol) this effect is less 
pronounced (MWdet = 96 g/mol, MWerr = 3% rel. to TOL-d7 and MWerr = −5% rel. to 
TOL-h8) due to the relative higher MW of toluene. Moreover, especially in the case of 
multiple THF-d8-coordination it is advisable to use the molecular weight of THF-h8 
instead of THF-d8 to have an accurate MW-determination. 
2.2 DOSY-ECC-MW-Determination of Organometallics 
and Metal Amides 
On the one hand organometallic compounds tend to aggregate via coordinative bonds that 
are significantly longer than covalent bonds. Additionally solvent molecules can associate 
and dissociate in solution.[112] Therefore the space between all atoms is less packed than in 
the “sigma bonded-compact spheres” model of the ECCCS. On the other hand alkaline 
organometallics frequently adopt spherical and ellipsoidal shapes, according to the ring-
stacking and laddering principle.[11] This is why ECCDSE for “dissipated spheres and 
ellipsoids“ should be the best calibration curve for the most organometallic compounds.[6] 
2.2.1 Structure of LDA in THF Solution 
THF solvated LDA is known to exist exclusively as a disolvated dimer 29 (Fig. 2-10, see also 
chapter 1.1.1).[14] As a proof of principle a DOSY-ECC-MW-determination of LDA in 
THF-d8 solution (15 m) was investigated. In fact, using ECCDSE for the MW-




determination of LDA (MWcalc = 358 g/mol) in THF-d8 gives a MW of MWdet = 347 g/mol 











MWcalc = 358 g/mol 
MWdet = 347 g/mol 
MWerr = 3% 
Fig. 2-10. DOSY-ECC-MW-determination of LDA (15 m) in THF-d8 solution by applying ECCDSE. PhN 
(15 m) was used as internal reference with Dref,fix = −8.8812.  
2.2.2 Structure of LDA in Toluene Solution11 
LDA is a very prominent reagent that plays a key role in organic synthesis, serving as a base 
par excellence for a broad range of deprotonation reactions (see e.g. Scheme 1-2). However, 
the state of aggregation in solution in the absence of donor bases was unclear. Kim and 
Collum et al. analyzed [6Li]LDA and [6Li,15N]LDA in hexane by 6Li and 15N NMR 
spectroscopy and observed a mixture of as many as five cyclic oligomers.[12a] They 
anticipated that the main cyclic aggregates corresponded to dimers, trimers and higher 
oligomers. Unfortunately a quantification of these observations was not possible because “a 
severe overlap renders the effort required for a detailed study unjustifiable”. This is why these 










































 56a: n = 1 
 56b: n = 2 
 56c: n = 3 
 56d: n = 4 
Scheme 2-1. LDA in the solid state and in toluene solution. 
                                                     
11 A revised version of my publication: R. Neufeld, M. John, D. Stalke, Angew. Chem., 2015, 127, 7100–7104; 
Angew. Chem. Int. Ed., 2015, 54, 6994–6998. 





LDA is polymeric in the solid state and shows little solubility in toluene (Scheme 2-1). The 
highest concentrations that could be observed at RT were in the range of 7-15 m. In 
the 7Li spectrum only one broad signal at 2.81 ppm is present that broadens up with 
decreasing temperature. This circumstance makes it impossible to distinguish between any 
oligomers from the 7Li-NMR experiment (Fig. 2-11a). However, at RT in the 1H spectrum 
two sets of two main signals corresponding to the α–CH (3.12 ppm and 3.01 ppm) and –
CH3 group (1.14 ppm and 1.11 ppm) are present (species A and B Fig. 2-11b). A third 
compound with very low intensity was also evidenced by an additional α–CH signal at 
3.19 ppm (species C). Due to its poor intensity it was not possible to determine the 
diffusion coefficient of this third compound at RT. Although, the other two main signals at 





Fig. 2-11. a) 7Li- and b) 1H-superposition plot of LDA and its α-CH signals in TOL-d8 at different tempera-
tures. 
 
From DOSY-ECC-MW-determination (Table 2-8B) species A agrees best with a trimer 56a 
(MWcalc = 321 g/mol, MWdet = 318 g/mol, MWerr = 1%, Scheme 2-1) and species B with 
tetramer 56b (MWcalc = 428 g/mol, MWdet = 390 g/mol, MWerr = 9%). Careful integration 
of both signals at 25°C reveals that 56a and 56b exist together in a ratio of 2:1 (A-Table 12 
in the appendix). It is also evident that dimers, like those proposed by Kim et al. are not 
present in the mixture (MWerr = −48% and −143%) at any temperature. The other low field 
shifted species C with weak intensity has to be a bigger aggregate than the tetramer. At 
−50°C the integral of C increases significantly at the expense of species A. The signal 
separation was suitable for the DOSY-ECC-MW-determination (A-Figure 3 in the 




appendix). Table 2-8a illustrates that C shows the best agreement with a pentameric LDA-
aggregate 56c (MWcalc = 536 g/mol, MWdet = 520 g/mol, MWerr = 3%). 
 
 
Table 2-8. DOSY-ECC-MW-determination of LDA in TOL-d8 at various temperatures. a) 
























a) −50°C       
Species A 332 −55 −3 22 38 48 
Species B 423 −98 −32 1 21 34 
Species C 520 −143 −62 −21 3 19 
b) +25°C       
Species A 318 −48 1 26 41 51 
Species B 390 −82 −21 9 27 39 
c) +100°C       
Species A 333 −56 −4 22 38 48 
 
 
The MW estimation of the residual diisopropyl amine present in solution (DA(H), 
MWcalc = 101 g/mol, MWdet = 100 g/mol, MWerr = 1%, A-Table 11 in the appendix) was 
also possible. The good agreement with the calculated MW gives evidence that DA(H) does 
not coordinate to any oligomeric species. This result is consistent with previous investi-
gations, which showed that DA(H) is a very poor ligand for LDA.[14a] At −50°C an 
additional multiplet appears that belongs to oligomer D at the left hand side of the signal 
attributed to the pentamer C (Fig. 2-11a). Unfortunately this signal was too weak for a 
MW-determination. Further cooling did not improve the signal-to-noise ratio due to a 
reduced solubility of LDA in toluene at temperatures below −50°C. In 1999, Rutherford and 
Collum showed by low temperature 6Li and 15N NMR spectroscopy that the lighter 
congener of LDA, lithium diethyl amide (LiDEA) can exist as several oligomers in THF 
and oxetane solutions (Fig. 2-12).[113] In neat THF or oxetane LiDEA is a cyclic dimer 57. 
At lower donor base concentrations cyclic oligomers appear. At low THF concentrations 
(2-10 equiv.) a cyclic trimer 58 and a four-rung-ladder 59 are formed. Higher order ladders 
were not observed within the solubility limits of LiDEA, but at sub-stoichiometric oxetane 
concentrations they noticed a relatively complex LiDEA equilibrium of cyclic dimers, 
trimers and ladders of tetramers, pentamers and hexamers (57-61). While LiDEA tend to 
a) ECCDSETOL was used to determine the MWs. The accuracy of this method is in the range of MWerr ≤ ±9 %. 
None of the species show accordance with the dimer (MWerr ≥ −48%). 




form ladder sructures, an increased bulk of the R groups favors cyclic arrangements. E.g. 
the donor base-free lithium hexamethyldisilazide adopts a cyclic trimeric structure 40 in 
the solid state[39b] and exists as a cyclic tetramer- dimer mixture in hydrocarbons (see 
chapter 1.1.2).[51] 
 
Fig. 2-12. Aggregation of lithium diethyl amide (LiDEA) in neat oxetane or pentane/toluene mixtures as 
cosolvent.[113] 
 
Similarly lithium tetramethylpiperidide adopts a cyclic trimer 31 and tetramer 32 in the 
solid state[33-34] and appears to form both cyclic oligomers in pentane (see chapter 1.1.1).[34b] 
In view of this trend and the bulkiness of the iPr-groups, the assumption that the signal 
from oligomer D stems from the cyclic LDA-hexamer 56d appears to be valid. Cooling the 
sample shifts the position of the oligomer-equilibrium. While the tetramer concentration 
increases, that of the trimer decreases. Obviously low temperatures stabilize the higher 
aggregates, due to entropy. The conversion of the trimer to the corresponding oligomers is 
also reflected in the 7Li NMR spectrum (Fig. 2-11a). The 7Li signal becomes broader at 
lower temperature. This could be due to a relatively faster quadrupolar relaxation or 
additionally due to the increase of oligomeric structures. Warming up the solution causes 
the opposite trend. The oligomer concentration decreases, while the trimer concentration 
increases. At +50°C a shoulder at the main 7Li signal is apparent, revealing two main 
species: the trimer 56a and the tetramer 56b. In the 1H NMR spectrum at +100°C all 
aggregates coalesce to one set of signals at 3.06 ppm and 1.10 ppm, respectively. The ECC-
MW-determination estimates a MW of MWdet = 333 g/mol that fits best to the trimeric 



























































































2.2.3 Structure of Na-Indenide in THF Solution12 
Alkali metal indenides are important precursors for the synthesis of metallocenes of the 
main group and transition metals. Without donating ligands like ethers or chelating crown 
ethers they build up polymeric stack structures.[115] The solid-state structure of donor base-
free Na-indenide is unknown. With donating ligands like PMDETA or crone ethers Li- and 
Na-indenide form contact ion pairs (CIP).[116] With ammonia solvent separated ion pairs 
(SSIP) are formed.[7] However, the aggregation of Na-indenide in solution is still unclear. 
One reason for that may be the relative bad NMR properties of the sodium nucleus that has 
a spin of 3/2. This quadrupole results in broad lines that get even broader with asymmetry 
in the environment of the sodium nucleus. 1H-DOSY experiments are independent of that 
nucleus. Therefore, Na-indenide is an interesting candidate for discovering its aggregation 
in THF solution by employing the new DOSY-ECC-MW-determination methodology. The 
most feasible species are the THF solvated monomers (M1-M4) and the dimers D1-D2 







M1: n = 1 
M2: n = 2 
M3: n = 3 




D1: n = 1 
D2: n = 2 
Fig. 2-13. Most plausible Na-indenide species in THF solution. 
 
 
The molar density for all species is between MDw = 5.07 and 5.43·1029 g/(mol·m3) which 
ensures that those aggregates are suitable for all developed ECCs. At room temperature 
(RT) the DOSY-ECC-MW-determination estimates a MW of MWdet = 331 g/mol. The 
comparison of the estimated MW with the most likely Na-indenide species is shown in 
Table 2-9. Both dimers with two- (D1: MWerr = 21%) and four THF molecules (D2: 
MWerr = 41%) can be excluded. The same is true for the mono- (M1: MWerr = −57%) and 
 
                                                     
12 Includes revised parts of my publication: R. Neufeld, D. Stalke, Chem. Sci. 2015, 6, 3354–3364. 




Table 2-9. DOSY-ECC-MW-determination of Na-indenide (15 m) in THF-d8 at various temperatures. 
TMB (15 m) was used as internal reference and ECCDSE to determine the MWs. a) 
Species n MWcalc  MWerr  
  [g/mol]  [%]  
   −50°C +25°C +60°C 
M1 1 210 −84 −57 -36 
M2 2 282 −37 −17 −1 
M3 3 354 −9 7 19 
M4 4 426 10 22 33 
D1 1 420 8 b) 21 32 
D2 2 564 32 41 49 
Indene  111 4 2 -30 
HMDS(H)  161 −5 −5 −1 
 
disolvated monomers (M2: MWerr = −17%) that can also be easily excluded. The tri-
solvated monomer (M3: MWerr = 7%) gives the best match. Such a three-fold THF 
coordination fits perfectly many crystal structures of THF solvated sodium 
cyclopentadienide derivatives.[117] Without difficulty it is also possible to identify the signals 
of remaining indene (MWerr = 2%) and hexamethyldisilazane (HMDS(H), MWerr = −5%). 
Those very accurate MWs indicate that the exchange of the latter with Na-indenide M3 is 
very slow or not present. Otherwise the estimated MWs of indene or HMDS(H) should be 
much higher. At −50°C it is obvious that the equilibrium of Na-indenide changes to a 
higher MW of MWdet = 386 g/mol. That MW is right in between three- (M3: MWerr = −9%) 
and four-fold (M4: MWerr = 10%) THF-coordinated Na-indenide, indicating that a fourth 
THF coordination is attractive at low temperatures. Again, indene (MWerr = 4%) and 
HMDS(H) (MWerr = −5%) are not involved in that Na-indenide-THF equilibrium. By 
warming up the THF solution to +60°C the opposite trend is evident. The ECC-MW-
determination estimates for Na-indenide a much lower MW of MWdet = 286 g/mol that 
would fit to a disolvated Na-indenide monomer (M2: MWerr = −1%) but additionally the 
MW of indene rises significantly to (MWdet = 158 g/mol, MWerr = −37%). This behavior 
indicates a rapid exchange of Na-indenide and indene at high temperatures producing a 
merged MW for both. Anyway, HMDS(H) is still not involved in that equilibrium 
(MWerr = −1%) most likely due to its higher basicity and steric demand, compared with 
indene (pKs = 26 vs 20).[118] 
a) DOSY-ECC-MW-determination of Na-Indenide in THF-d8 solution gave following results: 
MWdet(−50°C) = 386 g/mol, MWdet(25°C) = 331 g/mol, MWdet(+60°C) = 286 g/mol. 
b) The disolvated dimer D1 (MWerr = 8%) would also fit to the estimated MW, but this aggregation 
makes in this context chemically not much sense. 




2.2.4 Structure of [t-BuLi]4·4[Me2NC6H4Li]4 in Toluene Solution13 
In 2012 A.-C. Pöppler et al. showed that ortho lithium dimethylanilide (Me2NC6H4Li) 
crystallizes in the presence of tBuLi as a separated lithium organic aggregate 
[t-BuLi]4·4[Me2NC6H4Li]4 64 in the same crystal (Fig. 2-14).[119] Dissolving crystals of 64 in 
TOL-d8 resulted in an unexpectedly complicated 7Li-NMR spectrum that shows five 
relatively sharp distinguishable signals over a range of nearly 2.5 ppm. In the 7Li-DOSY 






Fig. 2-14. Crystal structure of [t-BuLi]4·4[Me2NC6H4Li]4 64 with hydrogen atoms omitted for clarity. 
 
 
Fig. 2-15. 7Li-DOSY spectrum of [t-BuLi]4·4[Me2NC6H4Li]4 64 in TOL-d8 solution. 
 
                                                     
13 Includes revised parts of my publication: R. Neufeld, D. Stalke, Chem. Sci. 2015, 6, 3354–3364. 
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It was anticipated that each species (A-E) represents a tetramer with a consecutive 
substitution of one ortho lithium anilide by one tBuLi moiety. However, no verifications of 
these results using quantitative MW determinations were performed. Reinvesting in that 
issue and using the diffusion measurements of A.-C. Pöppler et al. it was possible to 
determine the MWs of all species a posteriori by applying the DOSY-ECC-MW-
determination. Taking the residual proton signal of the solvent (TOL-d7) as internal 
reference gives very good results with the proposed structures A-E with an error smaller 
±5% (Table 2-10).  
 
Table 2-10. DOSY-ECC-MW-determination of crystalline [t-BuLi]4·4[Me2NC6H4Li]4 64 in TOL-d8 
solution. ECCDSE and TOL-d7 as internal reference with logDref,fix = −8.7289 were used to determine the 
MWs. 






A [Me2NC6H4Li]4  508 527  -4 
B [(Me2NC6H4Li)3(tBuLi)] 445 435 2 
C [(Me2NC6H4Li)2(tBuLi)2] 382 367 4 
D [(Me2NC6H4Li)( tBuLi)3] 319 316 1 
E [tBuLi]4 256 244 5 
 
2.2.5 Structure of MHMDS with Ammonia as Donorbase in 
Toluene Solution 
Previous investigations on MHMDS with ammonia as donor base revealed unprecedented 








45 M1 = Li 













47 M2 = K 











49 M3 = Cs 
Fig. 2-16. Aggregation motifs of MHMDS (M = Li, Na, K, R band Cs) with ammonia as donor base in the 
solid state.[1] 
 
Li- and NaHMDS form trisolvated monomers 45 and 46, stabilized by intermolecular 
hydrogen bonds (HB) enabling the possibility of HB-stabilized transition states in 
synthesis. Ammoniacates of KHMDS and RbHMDS form tetrasolvated dimers 47 and 48 




with two ammonia molecules which coordinate each metal cation. In the case of CsHMDS 
the solvation number of ammonia is decreased leading to the disolvated CsHMDS dimer 
49, where open coordination sides are stabilized by several s-block agnostic-like 
Si-CH3···Cs interactions.[1] All above mentioned crystal structures were derived from 
concentrated ammonia solutions where an excess of liquid ammonia was present. 
However, addition of toluene to the mother liquor and warming up the solution to 25°C 
and subsequent crystallization at −45°C resulted in the formation of further crystal 












Fig. 2-17. Dimeric structure of MHMDS (M = Li, Na, K and Rb) with one equivalent of NH3 in the solid 
state. Anisotropic displacement parameters are depicted at the 50% probability level. Carbon attached 
hydrogen atoms are omitted for clarity. Selected bond lengths, angles and crystallographic details are 
displayed in chapters 4.4.1 to 4.4.4. 
 
 





69 M = Rb 
70 M = Cs 
Fig. 2-18. Dimeric structure of donor-base-free Rb- and CsHMDS in the solid state.[43] Carbon bound 











Fig. 2-19. Superposition plot of all disolvated [(NH3)MHMDS]2 (M = Li, Na, K, Rb and Cs) ammoniacates. 
a) View along the planar [N2M2]-ring. b) View orthogonal to the planar [N2M2]-ring. With increasing metal 
size the coordination angle of NH3 increases, too, due to inter- and intramolecular Si-CH3···M interactions 
which occupy the coordination sphere of the alkali metal. 
 
 




Due to the increased reaction temperature (25°C instead of −33°C) excess ammonia was 
allowed to evaporate. Stochiometric amounts of ammonia and MHMDS (M = Li, Na, K 
and Rb) yielded disolvated dimers 65-69 (Fig. 2-17) with an aggregation mode similar to 
that of [(H3N)CsN(SiMe3)2]2 49 in Fig. 2-16. In the case of CsHMDS a donor-base-free 
dimer 70 without any coordination of ammonia was identified (Fig. 2-18). This structure 
was already characterized by Neander and Behrens in 1999.[43] Interestingly, at least in the 
solid state at low ammonia concentrations the Lewis soft cesium cation prefers Lewis soft 
Si-CH3···Cs interactions over the coordination of Lewis hard ammonia molecules. Since 
there are no conspicuous bond lengths in respect to the already characterized MHMDS 
ammoniacates[1] a detailed bond length discussion was redundant. However, selected bond 
lengths, angles and crystallographic details are given in chapters 4.4.1 to 4.4.4. In respect to 
the planar [M2N2]-ring the coordination angle of the ammonia molecules grows with 
increasing metal size (Fig. 2-19). This is due to inter- and intramolecular Si-CH3···M 
interactions which saturate the coordination sphere of the metal cation. The same was 
already observed in [(H3N)CsN(SiMe3)2]2 49.[1] 
 
A unique NaHMDS intermediate 71 was crystallized from a solution which was warmed up 
to 0°C instead of +25°C (Fig. 2-20). Compound 71 represents an open dimer that is 




Fig. 2-20. Structure of NaHMDS intermediate 71 in the solid state. Anisotropic displacement parameters are 
depicted at the 50% probability level. Carbon bound hydrogen atoms are omitted for clarity. Selected bond 
lengths and angles and crystallographic details are displayed in chapter 4.4.5. 
 
From MHMDS ammoniacates 65-71 an aggregation-deaggregation mechanism can be 
proposed that is depicted in Scheme 2-2. Successive addition of ammonia to dimer A 
would produce the monosolvated[120] compound B, disolvated C and trisolvated D. The 
latter structure was observed in NaHMDS·3THF and also in mixed alkalimetal 




HMDS·3THF aggregates (e.g. M1 = Li and M2 = Na, K).[53] A fourth addition of NH3 would 
result in the tetrasolvated structure E that was identified in compound 47 and 48. 
Migration of one NH3 molecule to the second metal, followed by a M-N cleavage leads to 
structure F that represents the open dimer 71. Since the coordination sphere on one metal 
is still unsaturated (coordination number = 3), a fifths NH3 molecule would coordinate to 
that metal giving structure G. Finally, the addition of a sixth NH3 molecule would be 
accompanied by a dissociation of the dimeric structure leading to a trisolvated monomer H 
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Scheme 2-2. Proposed aggregation-deaggregation mechanism for MHMDS in the presence of ammonia. 




Scheme 2-2 illustrates the impressive structural diversity of MHMDS ammoniacates in the 
solid state. Especially the HBs in the monomers and open dimers display a very interesting 
feature. HBs play a very important role in natural product synthesis. E.g. enzymes take 
advantage of HBs to achieve highly chemoselective reactions without the necessity of chiral 
groups on the substrate. This is why it would be very advantageously if the HBs observed in 
ammoniacates 45, 46 and 71 would still be present in solution. Unfortunately, crystals from 
the latter are not stable at temperatures higher than −33°C. This is why it was not possible 
to investigate DOSY-ECC-MW-determinations of re-dissolved ammoniacate crystals. 
Instead, another strategy was used to obtain MHMDS in the presence of ammonia in 
toluene solution. Therefore, crude MHMDS was solved in TOL-d8 (15 m). Afterwards 
gaseous ND3 was introduced to the solution (approximately one minute at +25°C). Finally, 
the NMR-tubes were sealed and DOSY measurements were performed at RT. DOSY 
measurements were investigated with Li-, Na- and KHMDS at RT. All 1H-signals are highly 




Fig. 2-21. 1H-NMR-superposition plot of MHMDS (M = Li, Na and K; 15 m) in TOL-d8 with ammonia as 
donor base. The signals are significant broaden, indicating that more than one species could be present in 
solution. 
 
In the solutions of Li- and NaHMDS there is also a significant concentration of protonated 
amine HMDS(H) that could be a results from partial protonation of MHMDS (e.g. via 
deprotonation of ND3). However, DOSY-ECC-MW-determination on LiHMDS predicts a 
MW of MWdet = 341 g/mol giving the hint that LiHMDS could be present as dimeric 
structure A, B or C with up to two molecules of ammonia (MWerr = −2% to 7%, A-Table 14 
in the appendix). In the case of NaHMDS the determined MW is significantly higher 
(MWdet = 447 g/mol, A-Table 15 in the appendix). This MW matches with dimeric tri- to 




penta- solvated NaHMDS (D-G, MWerr = −7% to 1%). This result at least does not rule out 
the possibility of intramolecular HBs to be present in solution, since structure F 
corresponds to the open dimer 71 that was observed in the solid state. 
 
The MW-prediction of KHMDS gives a MW of MWdet = 428 g/mol that fits to dimeric 
mono- to- tetra solvated KHMDS (B-E, MWerr = −3% to 8%, A-Table 16 in the appendix). 
Structure E would confirm the solid state structure of [(NH3)2·KN(SiMe3)2]2 (47).  
 
Unfortunately these results have to be considered critically. Several factors could infect the 
determined MW so several aspects have to be investigated more in detail:  
 
1) Intermolecular HBs between distinct species would increase the MW. 
2) It was not cleared if HMDS(H) interacts with MHMDS ammoniacates. 
3) Traces of ammonia could react with Li or NaHMDS. 
4) The concentration of NH3 and MHMDS should have a significant influence on the 
solution structures.  








2.2.6 Structure of Hauser Base iPr2NMgCl in THF solution14 
 
Chart 2-1. Most plausible aggregation modes of iPr2NMgCl 7 in THF-d8 solution 


































































































One of the most widely utilized classes of synthetic reagents are Grignard compounds that 
can be at the simplest level described by “RMgX” (where R is an organic group and X a 
halide). Today especially Grignard reagents with an amido ligand of the type R1R2NMgX, 
so called Hauser bases, and their Turbo derivate R1R2NMgX·LiCl play a huge role in 
modern chemistry (see chapter 1.1.3).  
 
 
Fig. 2-22. Solid state structure of [7·THF]2 (D1) with hydrogen atoms and disorder omitted for clarity. 
Anisotropic displacement parameters are depicted at the 50% probability level. Selected bond lengths and 
angles are given in chapter 4.4.6.  
 
                                                     
14 A revised version of my publication: R. Neufeld, T. L. Teuteberg, R. Herbst-Irmer, R. A. Mata, D. Stalke, 
JACS 2016, submitted. 




However, because of their complex solution behavior, where Schlenk-type equilibria are 
involved, very little is known about their structure in solution. To shed light on the 
solution structure of iPr2NMgCl 7 first the prominent Hauser base iPr2NMgCl 7 was 
synthesized and crystallized from a THF/toluene 1:1 mixture at −6°C (see chapter 0). The 
crystal structure of [7·THF]2 is shown in Fig. 2-22. TMP[72] and HMDS[73] Hauser bases 
alike all Grignard dimers[67a, 67b, 67e, 74] show the halides in the bridging position in the solid 
state (like D2, category B in Chart 2-1). In contrast, [7·THF]2 dimerises featuring the 
amido ligands in the bridging position (D1, category A in Chart 2-1). Searching the 
Cambridge Crystallography Database for Hauser bases reveals that there are only three 
other dimeric amido bridged Hauser bases in the literature.15 All have one in common: 
They feature less bulky amido ligands like Et2N−,[73a] Ph3P=N−[75] and iPr2N−.[28] It can be 
concluded that in the solid state the switch from the halide to the amido bridge seems 
advantageous.[64] However, solid state structures may not necessarily be maintained in 
solution. In synthesis organometallic compounds are predominantly used in solution. 
Therefore it is highly important to estimate the solution structure of iPr2NMgCl 7. The 
most plausible aggregation modes of a Hauser base in THF solution are demonstrated in 
Chart 2-1. A dissolved crystal of [7·THF]2 in THF can on the one hand retain its dimeric 
status D1 or isomerize to the chloride bridged dimer D2. On the other hand these dimers 
can dissociate to the monomer M1 or rearrange according to the Schlenk-equilibrium to 
the diorgano-magnesium M2 and MgCl2. When an excess of MgCl2 is present, MgCl2 co-
coordinated species like M1(μ-Cl3)MgCl2, M2·MgCl2, MgCl2·D1(D2)·MgCl2 or 
M1·(MgCl2)2·M1 might also be present in solution. All of the mentioned species can be 
either distinguished by their MW or additionally by the chemical environment of the iPr-
groups that is reflected in the chemical shift δ. Compared to terminal amido ligands 
(category B, Chart 2-1), bridging ligands (category A, Chart 2-1) show due to the presence 
of additional electron withdrawing metals a significant low field shift. At RT the 1H NMR 
spectrum of [7·THF]2 (Fig. 2-23) shows one broad signal set corresponding to a single 
species a1 at high field (2.94/1.01 ppm for α−CH/CH3, category B). 
 
  
                                                     
15 Cambridge Structural Database CSD, version 5.36 (Updated Nov 2014), chelating amido ligands have been 
excluded. 







Chart 2-1. Most plausible aggregation modes of iPr2NMgCl 7 in THF-d8 solution 




































































































Fig. 2-23. 1H superposition plot of crystalline [7·THF]2 (0.10 , −CH3 region) re-dissolved in THF-d8 at 
various temperatures. For signal assignment see also Scheme 2-3. A spectrum including the α−CH region is 
displayed in A-Figure 4 in the appendix.  
 
 




The 1H-DOSY-ECC-MW-determination agrees best with the heteroleptic monomer M1 
(MWcalc = 304 g/mol, MWdet = 310 g/mol, MWerr = −2%)16 while homoleptic monomer M2 
(MWerr = 16%), dimeric D2, M2·MgCl2 and bigger aggregates can be easily excluded 
(MWerr ≥ 33%). Below 0°C two additional species b1 (3.10/1.02 ppm, category B), c1 
(3.24/1.01 ppm, category B) at high field and d1 (3.43/1.29 ppm, category A) at low field 
appear. From NMR studies on alkyl Grignard reagents it is known that homoleptic 
dialkylmagnesium monomers M2 resonance at lower field, compared to heteroleptic 
monomers M1.[121] In fact, MW-determination for species b1 agree perfectly with the 
homoleptic diorganomagnesium M2 (MWcalc = 369 g/mol, MWdet = 356, MWerr = 4%). The 
MW of c1 matches to dimeric D2 and M2·MgCl2 (MWcalc = 464 g/mol, MWdet = 
450 g/mol, MWerr = 3%) that have similar MWs. Both have a comparable chemical 
environment and cannot be distinguished by their MWs. Both species could be present in 
solution but it is plausible that the equilibrium should be significantly on the side of dimer 
D2 since it displays a less steric hindrance compared to M2·MgCl2. In order to investigate 
the structure of the dimer in solution structure, electronic structure calculations were 
carried out by Teuteberg and Mata. The latter were performed with the B3LYP-D3 
method,[122] including solvent corrections through the use of the COSMO continuum 
model.[123] Free energy differences confirm M2·MgCl2 to be disfavored relative to the D2 
species by 53.1 kJ/mol (A-Table 24 in the appendix). The most stable structure found 
corresponds in fact to a cis-isomer of D2, with both bases orientated to the same side of the 
Mg2Cl2 ring. This arrangement optimizes dispersion interactions between both the propyl 
moieties and the THF rings on each side. The trans configuration is slightly higher in 
energy by 7.2 kJ/mol. However, this marginal difference is not to be taken as granted since 
weak interactions with the solvent (which in our computations is only included as a 
dielectric continuum) could easily counterbalance this effect. The optimized structure of 
M2·MgCl2 shows a large N-Mg-N angle of about 146o illustrating the steric stain of both 
diisopropylamido groups when coordinated to the same metal center adding to the 
energetic disfavor (A-Figure 13 in the appendix). Species d1, with the highly low field 
shifted signal is in good agreement with the amido bridged dimer D1 (MWcalc = 464 g/mol, 
MWdet = 435 g/mol, MWerr = 6%) that is similar to the crystal structure of [7·THF]2 in Fig. 
2-22. Lowering the temperature dramatically influences the Schlenk-equilibrium of Hauser 
base 7. While at RT the monomer M1/M2 ratio was 4:1, this ratio switches completely at 
−75°C (Table 2-11, 0.100 ).  
                                                     
16 All MWdet values are dispayed for each species as an average value, derived from DOSY-ECC-MW 
measurements at various temperatures, see A-Table 17 in the appendix. 







Chart 2-1. Most plausible aggregation modes of iPr2NMgCl 7 in THF-d8 solution 


































































































Table 2-11. The Schlenk equilibrium “constant” a) Ks for the reaction  







25 25.00 16.00 
0 8.16 4.43 
-15 2.97 1.49 
-25 1.00 0.68 
-50 0.18 0.10 
-75 0.12 0.05 
 
  
a) Usually the Schlenk-equilibrium constant Ks is derived from 1H integrals of α−CH protons with K s = 
[iPr2NMgCl]2 / [(iPr2N)2Mg]2 with the approximation: [(iPr2N)2Mg] ≈ [MgCl2]. However, our results show 
that the concentration of (iPr2N)2Mg is not equal to MgCl2 because the latter is involved in further reactions 
with Hauser base 7. This is also reflected in our determined Ks values that show therefore a concentration 
dependency. 




The huge population of homoleptic monomer M2 at low temperatures stays in good 
agreement with the work of Smith and Becker who showed that the formation of RMgCl 
from R2Mg and MgCl2 is endothermic in THF solution.[69] Same seems to be true for 
Hauser base 7. The equilibrium constants of the Schlenk-equilibrium are summarized in 
Table 2-11, showing that the equilibrium moves to the side of homoleptic M2 + MgCl2 
with increasing concentration and decreasing temperature. The formation of M2 is 
accompanied by the release of MgCl2 to the solution, most probably as a monomer with up 
to four THF molecules.[124] Therefore it might not be surprising when free MgCl2 
coordinates to some complexes at low temperatures. At −50°C dimers D1 (d1) and D2 (c1) 
dissipate and two new species e1 (3.39/1.50 ppm, category A) and f1 (3.21/ 1.04 ppm, 
category B) that have an even more low field shift appears. This intense shift can be 
attributed to an additional coordination of MgCl2 to M1, D1 or D2. When magnesium 
chloride coordinates to monomer M1 than a structure like M1(μ-Cl3)MgCl2 (Chart 2-1, 
category B) would be feasible. This coordination mode was suggested for methyl 
magnesium chloride by Sakamoto and Imamoto et al.[125] With the help of coldspray 
ionization mass spectrometry (CSI-MS), they proposed that the μ-Cl3 bridged Grignard 
reagent was coordinated by four to six THF molecules, whereas the species with five THF’s 
was the major component.[125] Additional support is given by several crystal structures of 
cationic [(THF)3Mg(μ-Cl3)Mg(THF)3]+ where MgCl2 is also coordinated in that μ-Cl3 
coordination mode.[125] The DOSY-ECC-MW-investigation shows similar results: At −70°C 
the MW-determination gives for signal f1 a MW of MWdet = 512 g/mol that fits to 
M1(μ-Cl3)MgCl2 with four THF molecules (MWcalc = 544 g/mol, MWdet = 512 g/mol, 
MWerr = 6%). At −80°C the MW increases significantly to MWdet = 616 g/mol that matches 
perfectly with the THF-five-fold solvated M1(μ-Cl3)MgCl2 (MWcalc = 616 g/mol, MWdet = 
616 g/mol, MWerr = 0%), indicating that a higher solvation is favoured at lower 
temperatures. Unfortunately, below −80°C the signal was too low in intensity for further 
MW-determination investigations. In the literature there are several crystal structures of 
the type M1·(MgCl2)2·M1 (Chart 2-1, category B), where two monomers M1 are bridged 
by two magnesium dichlorides in an open cubic aggregation mode.[125-126] However, in 
solution of 7 it seems that the dissociation into smaller parts is favoured over an open cubic 
arrangement (MWcalc = 943 g/mol, MWdet = 616 g/mol, MWerr = 35%), which was already 
proposed by D. Seyferth in 2009.[71] 
  







Chart 2-1. Most plausible aggregation modes of iPr2NMgCl 7 in THF-d8 solution 































































































































MW calc = 464 g/mol
MWdet  = 435 g/mol
MWerr   = 6 %
MWdet = 408-578 g/mol
MW calc = 304 g/mol
MWdet  = 310 g/mol
MWerr   = -2 %
MW calc = 464 g/mol
MWdet  = 450 g/mol
MWerr   = 3 %
MW calc = 369 g/mol
MWdet  = 356 g/mol




MW calc = 616 g/mol
MWdet  = 616 g/mol

































Additionally to f1, species e1 appears at lower field (category A). The DOSY-ECC-MW-
determination shows a temperature dependent MW distribution (MWdet = 409 g/mol at 
−50°C, 446 g/mol at −70°C and 578 g/mol at −80°C). The addition of MgCl2 to dimers D1 
or D2 would produce aggregates like MgCl2·D1·MgCl2 or MgCl2·D2·MgCl2 (Chart 2-1, 
category A). However, several other MgCl2 coordinated, amido bridged species would also 
be thinkable. Unfortunately, in the literature there are no crystal structures of MgCl2 
coordinated, ligand bridged Hauser bases or Grignard reagents that indicate the most 
plausible aggregate. The high MW of 578 g/mol at −80°C gives much room for 
interpretation. This is why we can only speculate how the composition of aggregate e1 
could look like. Noticeable is that in contrast to all other species, the –CH3 signal of e1 
shifts to lower field with lower temperature (Fig. 2-23). This behaviour could be a result of 
a successive addition of MgCl2 to D1 or D2. At −80°C the shift to lower field stops and the 
MW of e1 matches with dimeric MgCl2·D1(D2)·MgCl2 (MWcalc = 655 g/mol, MWdet,corr = 
703 g/mol, MWerr = −7%, after molar density correction due to highly increased molar van 
der Waals density (MDW) of this species, see A-Table 21 and A-Table 22 in the appendix). 
However, like already mentioned, this MW-agreement has to be considered with caution. 
Anyway, it seems that at low temperatures free, monomeric MgCl2 is disadvantageous in 
solution of Hauser base 7. Instead, the coordination of MgCl2 to monomeric and/or 
dimeric RMgCl molecules should be favoured like it is e.g. the case for LiCl that will be 
discussed in the following chapter.  




2.2.7 Structure of Turbo-Hauser Base iPr2NMgCl·LiCl in THF 
solution17 
 
Chart 2-2. Most plausible aggregation modes of iPr2NMgCl·LiCl 9 in THF-d8 solution. 





















































































































The impact of LiCl on the solution structure of Grignard reagents and Hauser bases is still 
vigorously discussed. Knochel et al. suggest that LiCl deaggregates RMgX oligomers[23] and 
forms a more reactive bimetallic monomer RMgCl·LiCl that is supposed to furnish 
magnesiate character to the Grignard reagent in the sense of a solvent separated ion pair 
(SSIP) [Li(THF)4]+ [RMg(THF)Cl2]−.[76] Crystallographic evidence of the Turbo-Hauser 
bases TMPMgCl·LiCl[72] (M1·LiCl, Chart 2-2 with B = TMP−) and iPr2NMgCl·LiCl[28] 9 
(LiCl·D1·LiCl, Chart 2-2) supports the contact ion pair (CIP) coordination mode in the 
solid state. But still it was not clear whether the mixed metal structure really is maintained 
in solution or just a transient species. García-Álvarez and Mulvey et al. analyzed[28] crystals 
of [9·THF]2 in THF-d8 solution at −50°C by employing the internal calibration curve 
(ICC) D-FW analysis that was pioneered by Li and Williard et al.[77] Because of the lack of 
                                                     
17 A revised version of my publication: R. Neufeld, T. L. Teuteberg, R. Herbst-Irmer, R. A. Mata, D. Stalke, 
JACS 2016, submitted. 




appropriate references the accuracy of the method was not sufficient and they concluded 
that they were not able to “clearly establish the exact nature of the solution species”.[28] 
However, the first key conclusion was that the molecular structure of crystalline [9·THF]2 
(LiCl·D1·LiCl) was not retained in THF-d8 solution and the second was that a SSIP 
situation like it was proposed by Knochel, described by negative charged magnesium ate 
complexes (like e.g. M0) and free [Li(THF)4]+ (Li2) seemed most probable (category B in 
Chart 2-2).[28] In this chapter some light will be shed on the complex solution structure of 
9. Additionally, it will be shown that both above mentioned key conclusions have to be 
revised. Again the DOSY-ECC-MW-determination hand-in-hand with theoretical 
calculations will be applied to clarify the influence of LiCl on the Schlenk-equilibrium of 7.  
 
Primarily it seems advisable to a priori rationalize which species are feasible to be present 
in the solution of iPr2NMgCl·LiCl 9. A dissolved crystal of [9·THF]2 in THF can either 
retain the coordination LiCl·D1·LiCl or isomerize to LiCl·D2*·LiCl LiCl·D2*·LiCl (Chart 
2-2). In the first aggregation mode the iPr-groups are neighboured by compact chloride 
ligands, enabling a free rotation of the alkyl groups, whereas in the latter they are 
neighboured to a sterically demanding THF molecule that would result in a steric 
repulsion. This is why species LiCl·D1·LiCl should be highly favoured over LiCl·D2*·LiCl. 
That is again supported by calculations (A-Table 25 in the appendix). The free energy 
difference between LiCl·D1·LiCl and LiCl·D2*·LiCl is 55-56 kJ/mol (the former being 
more stable) in the temperature range from −90oC to +25oC. Inspection of the optimized 
structures confirms the steric hindrance (A-Figure 17 in the appendix). In the 
LiCl·D1·LiCl structure the Mg2+ cations are aligned with the Li+, resulting in a high-
symmetric structure with a close to tetrahedral coordination at each metal atom. In the 
LiCl·D2*·LiCl case, the Li+ cations are forced out of this axis in order to accommodate the 
isopropyl groups at both ends. Another possibility to consider is that the dimer of [9·THF]2 
can dissociate into monomeric units M1·LiCl. These monomers could recombine via a 
four membered Mg2Cl2 ring (LiCl·D2·LiCl) or by a smaller Li2Cl2 ring (M1·(LiCl)2·M1) in 
the centre. It is also possible that LiCl dissociates as a well-known dimer[127] 
[(THF)2Li(μCl)2Li(THF)2] Li1 to produce LiCl-free species M1, D1 or D2 or that lithium 
dissociates as a solvent separated ion pair Li(THF)4+ Li2 that would produce an SSIP ate-











Chart 2-2. Most plausible aggregation modes of iPr2NMgCl·LiCl 9 in THF-d8 solution. 






















































































































Fig. 2-24. 7Li superposition plot of crystalline 9 (0.1 ) re-dissolved in THF-d8 at various temperatures. On 
the top: 7Li-spectrum of neat Li1 in THF-d8 at −80°C. 
 
  




The 7Li spectra show at RT a singlet at 0.18 ppm (25°C) that shifts to lower field with 
decreasing temperature (0.38 ppm at −100°C, Fig. 2-24). The presence of LDA, where 
lithium coordinates directly to the diisopropyl amide, can therefore be excluded since LDA 
resonances in the 7Li NMR experiment temperature independently at about 2.0 ppm (A-
Figure 11 in the appendix). Additionally, the solvent separated cation [Li(THF)4]+ Li2 can 
be excluded to be populated at detactable concentrations too, since it is known that the 
solvent separated lithium ion Li2 resonances predominately at a negative chemical shift 
(−1.1 ppm in THF).[128] Further support is given by the crystal structure of 9 where the 
lithium cation is located near to the iPr-groups in a middle distance of 4.49 Å to the closest 
−CH3-protons.[72] When lithium is coordinating next to the magnesium amide than such 
relatively close distance should be visible in a 1H-7Li-HOESY experiment. In fact the 1H-
7Li-HOESY-spectra show at high temperature a cross peak between the 7Li signal and the 
−CH3 signals of species a2, b2 and c2, indicating that lithium does coordinate to Hauser 
base 7 (Fig. 2-25).  
 
 













Chart 2-2. Most plausible aggregation modes of iPr2NMgCl·LiCl 9 in THF-d8 solution. 























































































































Fig. 2-26. 1H superposition plot of crystalline 9 (0.1 , −CH3 region) re-dissolved in THF-d8 at various 
temperatures. For signal assignment see also Scheme 2-6. A spectrum including the α−CH signals is displayed 
in A-Figure 6 in the appendix. 
 
 




At RT two different species (a2: 2.92/1.03 ppm, category B and c2: 3.42/1.33 ppm, category 
A) can be identified in the 1H NMR spectrum of 9 (Fig. 2-26). The MW-determination of 
a2 gives at all temperatures a MW that fits perfectly to the LiCl coordinated monomer 
M1·LiCl (MWcalc = 419 g/mol, MWdet = 425 g/mol, MWerr = −2%). Compared with the salt 
free monomer M1 (a1), the metal chloride co-coordinated monomers M1(μ-Cl3)MgCl2 
(f1) and M1·LiCl (a2) are shifted to lower field (Δδ ≈ 0.02 ppm), due to an additional 
coordination of electron withdrawing metal chloride. The same is true for signal c2 that 
appears at the dimer region of D1 (category A, Chart 2-2) but also low field shifted by 
0.02 ppm (compared to LiCl-free dimer D1) indicating that c2 corresponds to LiCl co-
coordinated dimer LiCl·D1·LiCl. At 25°C the determined MW of c2 (MWcalc = 693 g/mol, 
MWdet = 525 g/mol, MWerr = 24%) is smaller than expected. However, with decreasing 
temperature the MW grows significantly (MWdet = 598 g/mol at −15°C, 618 g/mol at −40°C 
and 635 g/mol at −50°C) till it stops growing further at −60°C (MWdet = 661 g/mol). The 
same trend was already observed for species MgCl2·D1(D2)·MgCl2 (e1) of LiCl-free 
Hauser base 7. In contrast to all other species of Turbo-Hauser base 9, the α−CH signal of 
c2 shifts like e1 to lower field with lower temperature (A-Figure 6 in the appendix). This is 
why a successive coordination of LiCl to D1 could again explain this behaviour (25°C to 
−40°C: av. MWdet = 582 g/mol, MWcalc(D1·LiCl) = 579 g/mol, MWerr = −1%).18 Finally 
between −60°C and −70°C it is possible to determine the MW of tetra nuclear dimer 
LiCl·D1·LiCl with two lithium chlorides coordinated to dimer D1 (MWcalc = 693 g/mol, 
MWdet = 661 g/mol, MWerr = 5%). A monomer-dimer equilibrium of a2 and c2 was already 
suggested by García-Álvarez and Mulvey et al.[28] Concentration experiments showed that 
species a2 dominates at lower concentrations whereas c2 is mostly populated at higher 
concentrations.[28] Below −70°C the solubility limit is reached and signal c2 disappears. 
With decreasing temperature a third species next to a2 is forming (b2: 3.13/1.07 ppm, 
category B). Further cooling results in a shift of the oligomer equilibrium. The integral of 
b2 increases significantly at the expense of a2 and c2. The MW-determination of b2 offers 
at all temperatures a MW that fits to the LiCl free dimer D2 (MWcalc = 464 g/mol, MWdet = 
461 g/mol, MWerr = 1%). 
  
                                                     
18 This behaviour could be also attributed to a fast exchange of LiCl·D1·LiCl with its lithium free counterpart 
D2 or to a dissociation into monomeric M1·LiCl. Both equilibria would produce a smaller effective MW. 
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Fig. 2-26. 1H superposition plot of crystalline 9 (0.1 , −CH3 region) re-dissolved in THF-d8 at various 
temperatures.   




The 1H-7Li HOESY experiment indicates at 0°C the interaction of b2 with the lithium 
cation. However, the cross peak vanishes at lower temperatures when b2 becomes the most 
populated species, indicating that b2 would not coordinate strongly to LiCl. At −70°C, next 
to b2, a fourth species b2’ is detectable in the 1H experiment. At −100°C species b2’ can be 
deconvoluted in the DOSY NMR experiment (Fig. 2-27) giving a MWdet value that fits to 
LiCl coordinated species LiCl·D2·LiCl/M1·(LiCl)2·M1 (b2’) (MWcalc = 693 g/mol, MWdet = 
641 g/mol, MWerr = 7%).  
 
 
Fig. 2-27. 1H DOSY spectrum of iPr2NMgCl·LiCl 9 (0.10 ) at -100°C: Region of signal b2 and b2’. 
 
The 7Li-DOSY-ECC-MW-determination experiments give further information about the 
aggregation behavior of 9. All species produce only one signal that broadens up and shifts 
to lower field with decreasing temperature (Fig. 2-24). Only at 0°C there is a small shoulder 
at the 7Li-signal, verifying that more than one Li species is present in solution of 9. From 
25°C to −40°C the 7Li-DOSY-ECC-MW-determination gives an average-, temperature 
dependent MW that reflects an average value produced by all three lithium aggregates 
(MWdet = 454-496 g/mol). Below −60°C the MW decreases significantly without further 
change (MWdet = 382 g/mol at −60°C to −100°C).   
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Fig. 2-26. 1H superposition plot of crystalline 9 (0.1 , −CH3 region) re-dissolved in THF-d8 at various 
temperatures.   




This can be attributed to first LiCl·D1·LiCl (c2) precipitating from solution and the 
concentration of M1·LiCl (a2) decreasing significantly to very small amounts and finally 
second to the residual lithium chloride present in solution as the well-known 
[(THF)2Li(μ-Cl)2Li(THF)2]-dimer Li1 (MWcalc = 373 g/mol, MWdet = 382 g/mol, MWerr = 
−2%) that becomes the most populated Li-species at low temperatures.19] The formation of 
significant amounts of Li1 is also reflected in the chemical shift of the 7Li nucleus. With 
decreasing temperature the Li1 concentration increases. This is why the 7Li signal moves 
towards the chemical shift of the LiCl dimer Li1 (Fig. 2-24). Further, the signal gets very 
broaden.20 At low temperature the decreased solubility could be one reason for the 7Li 
signal broadening. But additionally the formation of LiCl·D2·LiCl/M1·(LiCl)2·M1 from 
the reaction of LiCl (Li1) and dimer D2 could have even a bigger impact on the signal 
broadening, since the chemical environment of lithium in LiCl·D2·LiCl/M1·(LiCl)2·M1 
differs from that in Li1. But, how would the reaction of Li1 and D2 occur? Tetrameric 
structures LiCl·D2·LiCl and M1·(LiCl)2·M1 (Chart 2-2) were already proposed as 
products. In both structures two chlorides at the magnesium atoms show a coordination 
number of three. Searching the Cambridge Crystallography Database 21 reveals that 
magnesium chlorides, with a μ-Cl3 coordination predominantly form cubic aggregation 











Ar Ar  
72 
Ar = 2,6-Pmp2C6H3 
Fig. 2-28. An equimolar reaction of [2,6-Pmp2C6H3Li]2 (Pmp = 2,3,4,5,6-Me5C6) with CdI2 and 
crystallization from a saturated hexane solution at −30°C yields crystals of cubane 72.[130] 
 
                                                     
19 To prove the structure of LiCl in THF, DOSY measurements have been performed on anhydrous LiCl in 
THF-d8. The 7Li-ECC-MW-determination confirmes the dimeric structure (Li1) of LiCl in THF solution 
(from 25°C to -75°C, in av.: MWcalc = 373 g/mol, MWdet = 381 g/mol, MWerr = -2%, see A-Table 20 in the 
appendix. That result stays in a very good agreement with previous work made by Reich et al. who 
categorized LiCl as a sturdy dimer (Li1) according to HMPA titrations: Reich, H. J.; Borst, J. P.; Dykstra, R. 
R.; Green, P. D. J. Am. Chem. Soc. 1993, 115, 8728–8741. 
20 However, a significant formation of the SSIP Li[THF]4+ Li2 can be excluded (MWcalc = 295 g/mol, MWdet = 
382 g/mol, MWerr = −29%). 
21 Based on statistics from the Cambridge Structural Database CSD, version 5.36 (Updated Nov 2014). 
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Fig. 2-26. 1H superposition plot of crystalline 9 (0.1 , −CH3 region) re-dissolved in THF-d8 at various 
temperatures.   




Bickelhaupt and Solà et al. have shown that the most stable isomer of methylmagnesium 
chloride tetramers, (CH3MgCl)4, is a Td-symmetric tetranuclear cluster with a cubic 
(MgCl)4 core and terminal −CH3 groups on the magnesium vertices.[131] Li halides are also 
known to build stable cubic tetramers [LiX]4 (X = Cl, Br, I)[132] and even heteroleptic 
cubanes in the solid state (see compound 72 in Fig. 2-28).[130, 133] This is why the interaction 

























































































+2 THF -2 THF
+2 THF
 
Scheme 2-4. Proposed interaction of the LiCl dimer Li1 with the Hauser base dimer D2. 
 
Since, the ring size of [LiCl]2 and [MgCl]2 differ from each other, a fast dissociation of the 
cubane back to the corresponding dimers would be plausible. Once the cubane is formed, it 
could open on one side to produce the already mentioned aggregates LiCl·D2·LiCl with a 
[MgCl]2 and M1·(LiCl)2·M1 with a [LiCl]2 core (Scheme 2-4). To find out which of those 
structures is the most stable in solution further calculations were carried out. These will be 
discussed later in the text. Additional support for the interaction of Li1 with D2 is given by 
the absence of LiCl-free species M1 (MWcalc = 304 g/mol) and homoleptic 
diorganomagnesium M2 (MWcalc = 369 g/mol, see Chart 2-1, MWdet (all species) = 
425−661 g/mol, MWerr ≥ 28% and MWerr ≥ 13%). At low temperatures M2 (Chart 2-1) is 
the main species in the solution of Hauser base 7.  
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Ashby et al. proposed for the formation of M2 a dimer based mechanism (Scheme 2-5a).[68a] 
A rearrangement of dimer aII to an asymmetric dimer aIII forms two excellent leaving 
groups, which dissociate into the corresponding diorganomagnesium R2Mg and MgCl2 
(aIV in Scheme 2-5a). In contrast, with LiCl as additive it is possible to rationalize several 
structures like bI-bVIII. Interestingly, in those structures the LiCl coordinated monomer 
bI, the LiCl-dimer bII and dimeric bIII represent always the best leaving groups (Scheme 





















































































Scheme 2-5. a) Mechanism on the formation of R2Mg and MgCl2 via an asymmetric dimer aIII proposed by 
Ashby. b) In the presence of LiCl in various aggregation modes of 9, bI, bII and bIII always the best leaving 
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Further, the cleavage of MgCl2 or R2Mg would be accompanied by a release of solvent 
separated ions that would be very unfavourable since no solvent separated species were 
observable in solution of Hauser base 1 and 2.22 If the LiCl dimer Li1 (bII) would not 
communicate with dimer D2 (bIII) than the formation of homoleptic M2 (aIV) should be 
observable which is not the case.[71] Without LiCl the dimer D2 is only stable above −50°C. 
But with LiCl it is the main species below −50°C in Hauser base 2 most probably because of 
its interaction with the LiCl dimer Li1. This contrasting behaviour could be reflected in the 
different aggregation modes of LiCl and MgCl2 in THF solution. The former is 
predominately dimeric, enabling a sufficient overlap of the [LiCl]2 ring with dimer D2, 
while MgCl2 is predominately monomeric.[124b] This is why MgCl2 stabilize more efficiently 
in a terminal coordination mode like e.g in M1(μ-Cl3)MgCl2 and MgCl2·D1(D2)·MgCl2. 
To address some of the open questions regarding the interaction and aggregation of Li1 
and D2 in THF solution, we carried out further calculations on the complexes. We started 
by computing the relative free energies for M1·(LiCl)2·M1 and LiCl·D2·LiCl (depicted in 
Scheme 2-4). The results show that the ladder and boat configurations, both for the 
M1·(LiCl)2·M1 and the LiCl·D2·LiCl isomers are very close in energy (A-Table 25 in the 
appendix), with differences below 3 kJ/mol (at 25oC). This is definitely within the 
uncertainty of the method and would indicate no particular conformational preference. 
However, the structures M1·(LiCl)2·M1 with an inner [LiCl]2 ring are identified as the by 
42.2 kJ/mol in free energy most stable species.  
 
   D2 + Li1  M1·(LiCl)2·M1 + 2 THF 
(−3.3 to −14.3 kJ/mol) 
 (III) 
 
   2 M1·LiCl  M1·(LiCl)2·M1 + 2 THF 




   D2 + Li1  LiCl·D1·LiCl + 2 THF 
(−58.5 to −68.1 kJ/mol) 
 (V) 
 
   2 M1·LiCl  LiCl·D1·LiCl + 2 THF 






                                                     
22 Grignard reagents are also known to be very weak electrolytes, see Seyferth, Organometallics, 2009, 28, 
1598–1605. 
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The next question is whether the formation of M1·(LiCl)2·M1 is favoured in solution as 
well. This complex can be formed e.g. by the reaction of D2 with Li1 (III) or by 
dimerization of two M1·LiCl molecules (IV). The free energies for the mixed Li-Mg dimer 
formation were computed in a range from −90oC to +25oC, revealing that the dimerization 
process of D2 and Li1 (III) to give M1·(LiCl)2·M1 at low temperature is slightly exergonic 
(−3.3 to −14.3 kJ/mol, from lower to higher temperature, A-Table 27 in the appendix). 
Species M1·(LiCl)2·M1 (b’) could, as such, be formed in the solution of Turbo-Hauser base 
9. In contrast, the dimerization of two M1·LiCl molecules (IV) is unfavoured due to an 
endergonic reaction (17.3 to 3.9 kJ/mol, A-Table 29 in the appendix). Obviously such 
values have to be considered with certain reservations, since the molarity is changing 
(formally, two THF molecules are released into solution during the process, so the 
formation of 3 molecules from 2 starting products is present). The quantum chemical 
result is, therefore, strongly influenced by the translation entropy. In the gas phase, the 
latter can be computed from the harmonic vibrational partition function. This does not 
apply to the case in solution, since solvated molecules are not free to move and possess 
lower translational entropy than in the gas. The theoretical calculations already include a 
correction as suggested by Ardura et al. on the basis of a cell model for the change in 
translational degrees of freedom.[134] However, this little energy gain for the formation of 
M1·(LiCl)2·M1 stays in good agreement with the presented NMR experiments, showing 
that D2 and Li1 interact and communicate with each other but still the equilibrium is 
highly on the side of free D2 and Li1. In tune with the crystal structure of [9·THF]2 the 
highest energy gain was identified for the formation of LiCl·D1·LiCl (V and VI). Again the 
reaction of D2 and Li1 is preferred over the dimerization of two M1·LiCl molecules by 
19.4 kJ/mol.23 Interestingly, the solubility limit of LiCl·D1·LiCl is reached at approximately 
−70°C providing small amounts of M1·(LiCl)2·M1 that is thermodynamically less stable.  
One additional open question is the existence of cubic intermediates, through which the 
larger mixed Li-Mg aggregates could be formed. Since there is no experimental data 
available on such transient species, one can only postulate about different coordination 
motifs. Four possible cubane structures Li1·D2-cube(A-D) are proposed (Fig. 2-29), with 
two available coordination sites at each Li and additional two at each Mg site. The 
calculations clearly identify complexes B and C as the most unstable, given the low 
coordination number of the Mg sites. 
 
                                                     
23 Again with a correction to the translational entropy. 

























































Fig. 2-29. Overview of possible cube structures of Turbo-Hauser base 9. 
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A direct comparison can be in fact established between Li1·D2-cube(A) and Li1·D2-
cube(B), with A being favoured over B in the considered temperature range by about 
10 kJ/mol (A-Table 24 in the appendix). For the preferred cubane structures A and D one 
might consider the associated equilibria given by the general equations: 
 




   2 M1·LiCl  LiCl·D2-cube + n THF   (VIII) 
 
with n = 0 for D and 2 for A. As mentioned before, the change in molarity is an obstacle in 
computing the free energies. By considering two equilibria simultaneously, where in one 
case the molarity change entropically promotes the products (A) and in the other the 
reactants (D). The computed free energies for dimerization according to equilibrium (VII) 
are given in Fig. 2-30. The dimerization of two M1·LiCl molecules to form Li1·D2-cube(A-




Fig. 2-30. Computed free energies for dimerization of D2 + Li1 to give LiCl·D2-cube (A) and LiCl·D2-
cube(D). 
 
As expected, the formation of complex D would be most favourable at lower temperatures. 
The crossing point is at about −55oC. Although the equilibrium is always shifted towards 
the reactants, the differences can be relatively small, as low as 10.7 kJ/mol, such that the 
cubic intermediate should be accessible, even if not stable relative to the metal dimer 
complexes D2 and Li1.   
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Fig. 2-29. Overview of possible cube structures of Turbo-Hauser base 9.  




The presented results show that the formation of small amounts of M1·(LiCl)2·M1 
(Scheme 2-6) is thermodynamically possible. Most probably, this complex is formed by 
dimerization of D2 with Li1 via a cubic intermediate, presumably Li1·D2-cube(D) at 
temperatures below −55°C. In addition, the NMR investigations show also that 
iPr2NMgCl·LiCl 9 does not produce SSIPs in detectable concentrations.24 Further, the 
proposal that the impact of LiCl on the higher reactivity of Turbo bases rests on the 
deaggregation of RMgX oligomers to monomers has to be revised. Most reactions of RMgX 
reagents proceed in THF solution and it is shown for long time that alkyl and aryl Grignard 
reagents are monomeric in THF solution.[66] The results show that same seems to be true 






















MW calc = 693 g/mol
MWdet  = 661 g/mol
MWerr   = 5 %
MW calc = 419 g/mol
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MW calc = 464 g/mol
MWdet  = 461 g/mol
MWerr   = 1 %
MW calc = 373 g/mol
MWdet  = 382 g/mol
MWerr   = -2 %
LiCl·D1·LiCl (c2)
MW calc = 693 g/mol
MWdet  = 641 g/mol
MWerr   = 7 %
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Scheme 2-6. Schematic representation of the solution structure of 9 in THF-d8 solution. The MWs were 
derived from 1H- and 7Li-DOSY-ECC-MW-determinations. At RT the equilibrium of 9 is highly located on 
the left side. At low temperature it moves significantly to the middle side. 
  
Moreover, the reason for the lower reactivity of LiCl- free Hauser bases should be reflected 
in the Schlenk-equilibrium. At low temperatures the equilibrium in THF solution is mostly 
shifted to the side of homoleptic diamidomagnesium R2Mg where the amide ligands are 
highly sterically hindered in comparison with the heteroleptic RMgCl monomers and 
MgCl2 co-coordinated species. These compounds that represent the most reactive species 
in a Hauser base solution are only present at low concentrations. This explains why it is 
necessary to use a large excess of Hauser bases (2-12 fold) to achieve high conversions in 
synthesis.[23] The big advantage of LiCl is the ability to shift the Schlenk-equilibrium from 
                                                     
24 Additionally, a significant formation of the SSIP Li[THF]4+ Li2 can be excluded (MWcalc = 295 g/mol, 
MWdet = 382 g/mol, MWerr = −29%) 




the homoleptic to the heteroleptic side, especially at low temperatures. The high 
concentration of bimetallic complexes (like monomeric M1·LiCl (a1) as well as dimeric 
LiCl·D1·LiCl (c2), D2 (b2) and M1·(LiCl)2·M1 (b2’) should provide the most influence on 
the reactivity, chemoselectivity and complex induced proximity effects (CIPE)[21] of Turbo-
Hauser bases. It is possible that this concept could also be applied to Turbo-Grignard 
reagents. 
2.2.8 Structure of Turbo-Hauser Base TMPMgCl·LiCl in THF 
solution25 
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Turbo-Hauser bases iPr2NMgCl·LiCl 9 and TMPMgCl·LiCl 10 show a different reactivity 
and regioselectivity.[23] To understand this property and to be able to deduce informative 
structure-reactivity relationships it is extraordinary important to explore the solution 
structure of 10. García-Álvarez and Mulvey et al. analyzed crystals of 1C in THF-d8 
solution[28] by diffusion ordered spectroscopy (DOSY) and the diffusion coefficient formula 
weight (D-FW) analysis that was pioneered by Li and Williard et al.[77, 104a] This method is 
                                                     
25 A revised version of my manuscript: R. Neufeld, D. Stalke, Chem. Eur. J. 2016, submitted. 




based on internal calibration curves (ICC), where many internal standards which may 
interfere with the reactive metal complexes are required. Because of peak overlap problems 
the authors had to use inappropriate internal standards, 26 so the molecular weight (MW) 
determination was prone to a relatively high error of approximately ±30%. Consequently 
García-Álvarez and Mulvey et al. stated that they were not able to “clearly establish the 
exact nature of the solution species”.[28] Predominantly it could not be established whether or 
not lithium chloride is co-coordinated to the magnesium amide. Anyhow it was concluded 
that a SSIP situation appeared to be the most feasible. In the following section it will be 
proved that LiCl does indeed coordinate to Turbo-Hauser Base 10. 
 
Primarily it seems advisable to a priori rationalize which species are feasible to be present 
in the solution of 10. The most obvious question to be addressed in s-block 
organometallics of course is the amount of coordinating THF molecules to be present in 
the solution structure of 10. Even from a vast number of solid state structures it is known 
that polar solvents like THF are necessary to coordinate such highly ionic compounds. A 
re-dissolved crystal of 10 in net THF could on the one hand retain its solid state structure 
(1C) or even aggregate further to combine to dimers (1A, 1B) as well as dissociate to a 
number of smaller molecules (1C*-1E, Chart 2-3). LiCl can either coordinate to the 
magnesium amide or dissociate as a well-known [(THF)2Li(μ-Cl)2Li(THF)2] dimer[127] Li1. 
A solvent separated ion pair (SSIP) Li(THF)4+ Li2 would promote the formation of an ate-
complex 1E where two chloride ions coordinate a single magnesium cation. From the 
crystal structure of 10 it is known that the lithium cation is located at an average distance of 
4.68 Å to the closest CH3-protons of the TMP ligand.[72] This relatively close distance 
should be detectable in a 1H-7Li-HOESY experiment when the structure is retained in 
solution.[13b] Indeed the 1H-7Li-HOESY-spectra at all temperatures display a cross peak 
between lithium and the CH3 groups confirming the lithium coordination to the 
magnesium amide (Fig. 2-31). Similar results where observed for Hauser base 9.  
                                                     
26 The error of the DOSY-MWanalysis depends highly on the shape of the used references as well on that of 
the analyte (see chapter 2.1.4). Hauser bases have an ellipsoidal shape. Therefore ellipsoid references should 
be used for an accurate MW-analysis. However, García-Álvarez et al. used references with different shapes 
(spherical, ellipsoidal and flat discs) that dramatically decreased the accuracy of the MW-determination. 
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Fig. 2-32. Superposition of 1H NMR spectra of crystalloid 10 re-dissolved in THF-d8 at various temperatures. 
 
 
Fig. 2-33. Superposition of 7Li NMR spectra of crystalloid 10 re-dissolved in THF-d8 (20 m) at various 
temperatures. 
 
For NMR spectroscopic measurements diluted solutions of 10 (20 m) where used by 
dissolving the crystals in THF-d8. The 1H NMR spectra of 10 show at all temperatures 
(25°C to −75°C) only one single type of TMP ligand (δ = 1.19/1.22/1.62 ppm for CH3/β-
CH2/γ-CH, Fig. 2-32) while the iPr-Turbo-Hauser base 9 displays several oligomers.27 
The 7Li NMR spectra show one singlet at about 0.2 ppm in the whole temperature range 
(Fig. 2-33). The presence of remaining LiTMP can be excluded since it resonances at 
0.7 ppm (monomer) or at 1.3 ppm (dimer), respectively.[35b] Additionally, the lithium 
                                                     
27 A small amount of protonated amine TMP(H) is also present in solution. The ECC-MW-determination 
predicts at temperatures between 0°C and -75°C an accurate MW (in av.: MWcalc = 141 g/mol, MWdet = 
140 g/mol, MWerr = 1%). Interestingly, at RT the MW is slightly overestimated (MWdet = 167 g/mol, MWerr = 
-18%), indicating an small exchange between the amide and the amine. Anyway, this interaction is neglectible 
at temperatures below 0°C, see A-Table 32 in the appendix. 




cation [Li(THF)4]+ Li2 in a SSIP can also be excluded to be present at significant 
concentrations since it is known to resonate at negative field (−1.1 ppm),[128] curtailing the 
plausible present species to the lithium containing dimer 1A and the monomers 1C/1C*. 
Both aggregates should clearly be distinguishable via DOSY NMR spectroscopy 
 
The 1H and 7Li-DOSY-ECC-MW-determination of 10 gives a MW of MWdet = 403 g/mol 
for the 1H- und 387 g/mol for the 7Li-nucleus (Fig. 2-34 vide infra).28 This low MW 
discriminates both the lithium free aggregates 1B (MWerr = 26%), 1D (MWerr = −17%), 1E 
(MWerr = −31%) and also dimeric 1A (MWerr = 48%). Most interestingly the crystal 
structure 1C does not keep its full integrity in THF-d8 solution reflected by an 
unacceptable high error of the MW (MWcalc = 459 g/mol, MWdet = 403 g/mol, MWerr = 
12%). The smaller contact ion pair 1C* derived from 1C by the loss of a single THF 
molecule matches best the determined MW (MWcalc = 387 g/mol, MWdet = 403 g/mol, 
MWerr = −4%).  Mulvey et al. already mentioned the labile THF coordination at 1C as the 
expected integrated 1H NMR intensity THF:amide decreases from 3:1 to 2:1 when the 
crystals are dried in vacuo.[72] From that they concluded that the powerful regioselective 
magnesiating ability of 10 might be a consequence of a coordinately unsaturated Mg that 
“could facilitate the pre-coordination of the functionalized aromatic substrate prior to 
magnesiation”.[72] 
 
Our DOSY-ECC-MW-determination fully supports this hypothesis. The labile THF ligand 
at the magnesium atom could be a result of steric overload from the rigid TMP ligand. 
Searching the Cambridge Crystallographic Database29 emphasizes Mg typically to be co-
ordinated by four to six ligands. Enlarging the bulk of the various substituents however 
results also in 3-coordinated magnesium amides. This is often the case when bulky SiMe3 
groups[135] and especially when TMP ligands are involved.[105a, 136] These investigations 
confirm that lithium chloride indeed co-coordinates to the magnesium amides in solution 
as observed in the iPr-Turbo-Hauser base 9.[137] A detactable population of the solvent 
separated lithium cation Li2 can also be excluded for Turbo-Hauser base 10 (MWcalc = 
295 g/mol, MWdet = 387 g/mol, MWerr = −31%).  
 
   
                                                     
28 The MWdet values are dispayed as an average value, derived from DOSY-ECC-MW measurements at 
different temperatures, see A-Table 30 and A-Table 31 in the appendix. 
29 CSD version 5.36 (Updated Nov 2014) 

















3 SUMMARY AND OUTLOOK 
In the first part of this Ph. D. thesis the new DOSY-ECC-MW-determination methodology 
was introduced. This method determines molecular weights of unknown solutes in THF-d8 
and TOL-d8 solution with exceptional accurately und reliability with a maximum deviation 
of ±9% and an average error of only 4% (Table 3-1). Furthermore, the influence of the 
internal reference, shape, concentration, temperature, heavy atoms and deuterated 
compounds on the MW-determination was validated in detail.[6] Due to the normalized 
diffusion coefficients one internal reference is sufficient. Compared to the ICC method, 
this interrelation has the huge advantage that it is unnecessary to introduce multiple 
references into the same NMR sample. Signal overlapping, analyte-reference interaction 
problems, wasting chemicals and deuterated solvents can be avoided. Due to the 
normalized diffusion coefficients everyone is able to use the ECCs, independent of the 
NMR device, without the necessity of recording new calibration curves. This work 
facilitated consecutive research in which new ECCs for a range of further commonly used 
NMR solvents like DMSO-d6, C6D12, C6D6, CDCl3 and CD2Cl2 were introduced.[4] 
Additionally, future investigations will include the preparation of ECCs derived from 
molecules with high densities which contain e.g. heavy halides or transition metals. This 
extension could promote the ECC-method into a widely applicable standard technique to 
elucidate solution state structures.30 
  
Table 3-1. RMS errors for DOSY-MW-determination of small molecules by different methods.  







   
                                                     
30 A simple Excel spreadsheet that implements the calculation of logDx,norm, allowing to estimate MWs of 
analytes from their diffusion coefficients is available at http://www.stalke.chemie.uni-goettingen.de/ 
mw_det_calc/mw_det_calc.xlsx 




In the second part of this Ph. D. thesis DOSY-ECC-MW-determinations were performed 
on several organometallic and metal amide compounds. For the first time it was possible to 
determine the donor-base-free solution structure of LDA in toluene (Fig. 3-1).[5] It was 
shown that at room temperature LDA adopts a trimeric and tetrameric aggregation in a 2:1 
ratio. This equilibrium ranges from trimers and tetramers through pentamers to higher 
oligomers as the temperature decreases.[5] Additionally, it was shown that dimeric LDA as 
proposed by Kim and Collum et al.[12a] is not present in the mixture at any temperature 
(MWerr = −48% and −143%). 
 
 
Fig. 3-1. Illustration of the DOSY-ECC-MW-determination of LDA in TOL-d8 solution. 
 
The ECC-approach was further used to determine the aggregation of Na-indenide. It was 
shown that Na-indenide is predominately a trisolvated monomer (THF)3·Na(C9H7) in 
THF-d8 solution (Fig. 3-2).[6] With decreasing temperature the MW increases. This 




Fig. 3-2. Illustration of the DOSY-ECC-MW-determination of Na-indenide in THF-d8 solution. 
 




By taking the residual proton signal of the solvent (TOL-d7) as internal reference it was 
possible to characterize a posteriori the complex solution structure of 
[tBuLi]4·4[Me2NC6H4Li]4 in TOL-d8.[6] The results from the DOSY-ECC-MW-
determination correlate very well (error smaller than ±5%) with the solution structures that 
were determined in a 7Li-EXSY NMR experiment by A.-C. Pöppler et al. in 2012.[119]  
 
Dimeric solid state structures of MHMDS (65-68 and 71 in Fig. 3-3) with ammonia as 
donor base were presented and an aggregation-deaggregation mechanism was proposed. 
Additionally, MW-determinations on Li-, Na- and KHMDS were performed in TOL-d8 
solution at room temperature. The measurements indicate that the latter form 












     65 M = Li 
      66 M = Na 
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Fig. 3-3. Dimeric structure of MHMDS (M = Li, Na, K and Rb) with NH3 in the solid state. 
 
However, several aspects remain to be investigated in more detail. It should be proved how 
the concentration of NH3 and MHMDS and the temperature influence the solution 
structures. The concentration of ammonia could be easily increased e.g. by introducing 
gaseous ammonia at low temperature to the NMR-sample. Finally, it would be also 
interesting to investigate the solution structures of the heavier analogues Rb- and 
CsHMDS. 
 
Furthermore, single crystals of Hauser base iPr2NMgCl 7 and Turbo Hauser 
base iPr2NMgCl·LiCl 9 were grown and analyzed in THF solution by DOSY-ECC-MW-
determinations. The results show that their aggregation in THF-d8 differs significantly and 
that the solution composition of the existing species is highly temperature dependent.[137] 
Knowing the position of the equilibrium is of essential importance for every synthetic 
chemist, since Hauser bases as well as their Turbo analogues are used in synthesic protocols 
at various temperatures (−75°C to 25°C).[16, 23] The solution structure of 7 is best 
represented by the common Schlenk-equilibrium with heteroleptic M1 as the main species 




at high temperatures and homoleptic M2 at low temperatures (Fig. 3-4a). However, it was 
also shown that in Hauser base 7 dimeric species are also present in the THF solution 
although alkyl magnesium chlorides do not dimerize in that solvent. Therefore, the Hauser 
base 7 Schlenk-equilibrium has to be extended to dimeric amido bridged species and 
additionally to MgCl2 co-coordinated species which exist only at low temperatures, where 
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Fig. 3-4. Main species of a) Hauser base iPr2NMgCl 7 and b) Turbo-Hauser base iPr2NMgCl·LiCl 9 in THF-
d8 solution with B = iPr2N−.[137] 
 
It was then demonstrated that the addition of LiCl to 7 has an enormous impact on the 
Schlenk-equilibrium. The hypothesis that the impact of LiCl on the higher reactivity of 
Turbo bases rests on the deaggregation of RMgX oligomers to monomers[23, 28] has to be 
revised. Moreover, the main advantage of LiCl is the ability to shift the Schlenk-
equilibrium from the homoleptic to the heteroleptic side. At RT monomeric M1·LiCl and 
dimeric LiCl·D1·LiCl are the main species in solution of 9 (Fig. 3-4b), while the letter is the 
most populated species at high concentration (0.5 to 0.6 M). Lowering the temperature 
below −50°C results in the formation of D2 and the LiCl-dimer Li1. The latter stabilizes the 
heteroleptic dimer D2 and inhibits the formation of homoleptic (iPr2N)2Mg (M2) and 
MgCl2. It is possible that this concept could also be applied to Turbo-Grignard reagents.  
  




Finally, the structure of Turbo-Hauser base TMPMgCl·LiCl 10 was investigated in THF-d8 
solution. DOSY-ECC-MW-determinations and 1H-7Li-HOESY experiments confirm that 
lithium chloride indeed co-coordinates to the magnesium amides in solution as observed 
in the Turbo-Hauser base 9.[137] A detactable population of the solvent separated lithium 
cation Li2 can also be excluded for Turbo-Hauser base 10 (MWcalc = 295 g/mol, MWdet = 
387 g/mol, MWerr = −31%).  
 
 
Fig. 3-5. Illustration of the DOSY-ECC-MW-determination of Turbo-Hauser base TMPMgCl·LiCl 10 in 
THF-d8 solution. 
 
The results show that changing the steric demand and the electronic properties of the 
amide strongly controls the structural features, both in the solid state as well as in solution. 
While 10 is a monomer in the solid state and in solution, 9 is a dimer in the crystal 
structure and forms predominately dimeric aggregates in THF-solution.[137] From our 
measurements the different reactivities can be rationalized as followed: The TMP ligand in 
TMPMgCl·LiCl 10 is bulky enough to prevent dimerization and to promote a LiCl 
solubilized monomer 1C* (Fig. 3-5).[137] Similarly the considerable steric demand provided 
by the fixed methyl groups facilitates the cleavage of a labile THF ligand and induces an 
unsaturated magnesium site. In iPr2NMgCl·LiCl 9 the rigid TMP ligand is replaced by two 
floppy diisopropyl groups and the methyl groups are not fixed in a static position relative 
to the metal. This flexibility permits both, a direct THF coordination at the Mg cation and 
a dimerization of the lithium stabilized monomer M1·LiCl to form the tetranuclear dimer 
LiCl·D1·LiCl. The latter is at high concentrations the main aggregate in solution.[28, 137] That 
would also explain the limited solubility of dimeric 9 in THF (0.6 ) compared to the 
TMP-Turbo-Hauser base 10 (1.2 ) that is monomeric at all concentrations. Therefore, 
reactions of 10 should predominately involve a monomeric and those of 9 mainly a dimeric 
attack at the reactant.[137] Beside the unsaturated magnesium atom in 10 this explains the 




extreme high reactivity of 10, reminiscent of the general higher reactivity of monomeric 
organometallics in comparison to their oligomeric analogues.[138]  
 
In summary, this work illustrates that the DOSY-ECC-method adds profound 
conceptional value to study aggregation in solution. Additionally, the presented 
organometallic solution structures provide details on reaction conditions which should 




4 EXPERIMENTAL PART 
4.1 Techniques and Experiments 
4.1.1 Handling of Air- and Moisture Sensitive Compounds 
All air- and moisture sensitive compounds were manipulated with standard Schlenk 
techniques[139] either in an inert atmosphere of purified and dry argon or in an argon glove 
box. The glassware was dried at 140°C, assembled hot and cooled down under high 
vacuum. All solvents were dried with standard drying techniques over sodium, potassium 
or sodium-potassium alloy and were distilled prior to use.  
4.1.2 NMR Experiments 
NMR experiments were recorded either on Bruker Avance 400 spectrometer equipped with 
an observe broadband probe with z-axis gradient coil with maximum gradient strength of 
57 G/cm or on Bruker Ascend 400 spectrometer equipped with an inverse broadband 
probe with z-axis gradient coil with maximum gradient strength of 51 G/cm. All spectra 
were acquired using 5 mm NMR tubes, which were not spun during the measurements. 
Chemical shifts (δ) are given in ppm relative to TMS using the residual solvent signals as 
internal standards. Coupling constants (J) are reported in Hz and standard abbreviations 
indicating multiplicity are used as follows:  
s = singlet, d = doublet, t = triplet, sept = septet, m = multiplet and br = broad.  
 
4.1.2.1 DOSY-NMR-Experiments 
Dry TOL-d8 or THF-d8 kept with 4 Å molecular sieves under argon was used. The NMR 
samples were prepared by solving either purified or crystalline compounds (0.015-0.120 ) 
and a DOSY reference under argon atmosphere in the deuterated NMR solvent. In the case 
of Li-, Na-, and KHMDS gaseous ND3 was introduced to the solution (approximately one 
minute at +25°C). Finally, the NMR-tubes were sealed and DOSY measurements were 
performed at RT. For all DOSY-NMR measurements the diffusion coefficient of the analyte 
was normalized to the fixed diffusion value of the internal reference. All DOSY experi-




ments were performed using a double stimulated echo sequence with bipolar gradient 
pulses and three spoil gradients with convection compensation (dstebpgp3s).[91, 96] The 
duration of the magnetic field pulse gradients was adjusted for every temperature in a 
range of δ/2 = 400–3500 µs. The diffusion time was Δ = 0.1 s. The delay for gradient 
recovery was 0.2 ms and the eddy current delay 5 ms. In each PFG NMR experiment, a 
series of 16 spectra on 32 K data points were collected. The pulse gradients were 
incremented from 2 to 98% of the maximum gradient strength in a linear ramp. After 
Fourier transformation and baseline correction, the diffusion dimension was processed 
with the Topspin 3.1 software. Diffusion coefficients, processed with a line broadening of 
2 Hz, were calculated by Gaussian fits with the T1/T2 software of Topspin. 
4.1.3 Computational Details 
All structures included in this Ph. D. thesis were optimized at the B3LYP-D3/def2-SVP 
level of theory[122] (the dispersion corrections were computed with Becke-Johnson type 
damping).[140] The electronic energies were recomputed with the def2-TZVP basis set.[122b] 
Solvation effects were included through the use of the COSMO continuum model[123] both 
in the energy and optimization runs. All stationary points were confirmed to be true 
minima on the potential energy surface through harmonic vibrational calculations. All 
thermodynamic correction terms were derived from the latter. In order to deal with the 
large errors associated with low-energy vibrational modes (particularly in large complexes) 
we applied the quasi-rigid rotor harmonic oscillator formula proposed by Grimme,[141] with 
a cutoff parameter of 100 cm-1. Furthermore, corrections were included to the entropy to 
account for the overestimation of translational freedom in solution. The latter was included 
taking a cell model for the change in translational degrees of freedom.[134] All reported 
energy values, unless otherwise noted, correspond to free energies. All calculations were 
carried out with the Orca 3.0.3 program package.[142] 




4.2 Synthesis and Crystallization 
4.2.1 Donor-Base-Free LDA 
Diisopropyl amine (15.58 g, 0.15 mol, 1.07 equiv) was dissolved in dry pentane (150 mL). 
At 0°C nBuLi (5.64 mol/L, 25 mL, 0.14 mol, 1.00 equiv) was added dropwise to the solution. 
After 20 min the reaction mixture was warmed up to RT and then stirred for 1 h. The 
reaction mixture was then slowly cooled down to −78°C. After 3 h the mother liquor was 
removed via a syringe. Finally the solvent was evaporated at RT under vacuum (approx. 
6 h) to afford 4 as a white solid (10.41 g, 0.10 mol, 71%). 
1H-NMR  
(400.13 MHz, THF-d8, 25°C): 
 δ (ppm) = 0.99 (d, 3JHH = 6.5 Hz, 12H, −CH3), 3.02 
(sept, 3JHH = 6.3 Hz, 2H, −CH). 
   
7Li-NMR  
(155.51 MHz, THF-d8, 25°C): 
  
δ (ppm) = 2.03 (s). 
   
13C{1H}-NMR  
(100.62 MHz, THF-d8, 25°C): 
  











4.2.2 Na-Indenide  
NaHMDS (0.73 g, 4.00 mmol, 1.00 equiv) was dissolved in dry pentane (22 mL). At RT 
indene (0.56 g, 4.80 mmol, 1.20 equiv) was added dropwise and the reaction mixture was 
warmed up to +70°C and stirred for 30 min at this temperature. Finally, the product was 
washed at RT with pentane (2x 15 mL) and dried under vacuum (approx. 6 h) to afford 73 














(400.13 MHz, THF-d8, 25°C): 
  
δ (ppm) = 5.90 (d, 3JHH = 3.1 Hz, 2H, H1/H3), 6.36 
(m, 2H, H6/H7, 6.56 (t, 3JHH = 3.0 Hz, 1H, H2), 7.27 
(m, 2H, H5/H8). 
13C{1H}-NMR 
(100.62 MHz, THF-d8, 25°C): 
  
δ (ppm) = 91.2 (s, C1, C3), 112.4 (s, C5, C8), 115.5 (s, 
C2), 118.3 (s, C6, C7), 128.4 (s, C4, C9). 
4.2.3 MHMDS-Ammoniacates (M = Li, Na, K, Rb and Cs) 
Each of the described complexes was prepared in a similar manner. MHMDS (m = 0.5 g) 
was kept under argon atmosphere due to its hygroscopic character. After cooling the flask 
to −78°C gaseous ammonia (approx. 15 mL) was condensed in the crystallization Schlenk 
flask till all MHMDS was dissolved. After dissolving, the ammonia solution was overfilled 
with dry toluene (15 mL). Finally the colorless solution was warmed to +25°C so excess 
ammonia could evaporate. Afterwards storage at −45°C afforded colorless crystals of 65-68 
within some days which finally were suitable for X-ray structure analysis (see chapter 4.4.1 
to 4.4.5). Intermediate 71 was crystallized from a solution which was warmed up to 0°C 
instead of +25°C. Unfortunately, the crystals were not stable at temperatures higher than 
−33°C. This is why it was not possible to investigate in NMR measurements of re-dissolved 
ammoniacate crystals. 





iPrMgCl (62.10 mmol, 31.05 mL, 2 ᴍ in THF, 1.0 equiv) was dropped to bulk 
diisopropylamine iPr2NH (68.31 mmol, 9.60 mL, 1.1 equiv) at RT. Stirring overnight and 
removal of the solvent in vacuo yielded an offwhite powder (11.68 g, 96%, considering the 
loss of one molecule of THF). To receive crystalline product a saturated THF solution 
(24 mL) of [7·THF]2 was prepared at RT. After reducing the solvent, addition of 5 mL 
toluene and storage at −6°C [7·THF]2 was isolated as colourless crystals which were suitable 






(400.13 MHz, THF-d8, 25°C): 
 δ (ppm) = 1.01 (d, 3JHH = 6.1 Hz, 12H, −CH3), 2.94 
(sept, 3JHH = 6.4 Hz, 2H, −CH). 
 
13C{1H}-NMR  
(100.62 MHz, THF-d8, 25°C): 
  
δ (ppm) = 26.9 (s, −CH3), 50.8 (s, −CH). 
4.2.5 iPr2NMgCl·LiCl 
In a modified preparation route of Armstrong,[28] the Turbo-Hauser base [9·THF]2 was 
synthesized by reaction of LDA (0.43 g, 4.00 mmol, 1.0 equiv) and a suspension of MgCl2 
(0.38 g, 4.00 mmol, 1.0 equiv) in dry THF (10 mL) and stirring the mixture at RT 
overnight. Removing the solvent in vacuo and recrystallization (2x) in a 1:1 mixture of 
THF/hexane at −45°C afforded [9·THF]2 as colourless crystals. The mother liquor was 
removed via a syringe at −45°C and the crystals were washed with cold hexane (2x 10 mL). 
Finally, the structure was proven via X-Ray diffraction: Space group P21/n; a = 10.317 Å, 






(400.13 MHz, THF-d8, 25°C): 
 Monomer: 
δ (ppm) = 1.03 (d, 3JHH = 6.2 Hz, 12H, −CH3), 2.93 




(sept, 3JHH = 6.1 Hz, 2H, −CH). 
  Dimer: 
δ (ppm) = 1.33 (d, 3JHH = 5.5 Hz, 12H, −CH3), 3.42 
(br, 2H, −CH). 
7Li-NMR  
(155.51 MHz, THF-d8, 25°C): 
  
δ (ppm) = 0.18 (s) 
   
13C{1H}-NMR 
(100.62 MHz, THF-d8, 25°C): 
  
δ (ppm) = 27.4 (−CH3), 48.1 (−CH), 53.2 (−CH). 
4.2.6 TMPMgCl·LiCl 
In a modified preparation route of Álvarez,[72] the Turbo-Hauser base 10·(THF)3 was 
synthesized by reaction of LiTMP (0.59 g, 4.00 mmol, 1.0 equiv) and a suspension of MgCl2 
(0.38 g, 4 mmol, 1.0 equiv) in dry THF (10 mL) and stirring the mixture at RT overnight. 
Removing the solvent in vacuo and recrystallization (2x) in a 1:1 mixture of THF/hexane at 
−45°C afforded 10·(THF)3 as colourless crystals. The mother liquor was removed via a 
syringe at −45°C and the crystals were washed with cold hexane (2x 10 mL). Finally, the 
structure was proven via X-Ray diffraction: Space group P21/c; a = 8.313 Å, b = 26.214 Å, 






(400.13 MHz, THF-d8, 25°C): 
  
δ (ppm) = 1.18 (s, 12H, −CH3), 1.20 (t, 3JHH = 6.1 Hz, 
4H, β−CH2), 1.60 (m, 2H, γ−CH2). 
7Li-NMR  
(155.51 MHz, THF-d8, 25°C): 
  
δ (ppm) = 0.24 (s) 
   
13C{1H}-NMR 
(100.62 MHz, THF-d8, 25°C): 
  
δ (ppm) = 21.0 (γ−CH2), 36.2 (−CH3), 43.0 (β−CH2), 
52.3 (α−CH2). 




4.3 Preparation of DOSY-NMR-Samples 
4.3.1 Internal References 
In THF-d8: Internal reference TMB and analyte (see A-Table 7 in the appendix) were 
dissolved in equimolar ratio (each 15 m) and DOSY measurements were performed 
immediately at 25°C. Low temperature measurements were performed at −75 to +60°C 
with TTS and ADAM as internal reference (each 15 m). 
 
In TOL-d8: Internal reference ADAM and analyte (see A-Table 6 in the appendix) were 
dissolved in equimolar ratio (each 15 m) and DOSY measurements were performed 
immediately at 25°C. For high concentration measurements ADAM and analytes were 
dissolved in equimolar ratio (each 120 m) to give a final concentration of 240 mM. Low 
temperature measurements were performed at −75 to +100°C with TTS and ADAM as 
internal reference (each 15 m). 
4.3.2 LDA 
In THF-d8: Internal reference TMB and donor-base-free LDA (see chapter 4.2.1) were 
dissolved in equimolar ratio (each 15 m) and DOSY measurements were performed at 
25°C. 
 
In TOL-d8: Internal reference ADAM and donor-base-free LDA (see chapter 4.2.1) were 
dissolved in equimolar ratio (each 15 m) and DOSY measurements were performed at 
25°C, −50°C and finally at +100°C. 
4.3.3 Na-Indenide 
Internal reference TMB and donor-base-free Na-indenide (see chapter 0) were dissolved in 
THF-d8 (each 15 m). DOSY spectra were collected at 25°C to −50°C and finally at +60°C. 




4.3.4 MHMDS-Ammoniacates (M = Li, Na and K) 
Internal reference ADAM and MHMDS were dissolved in TOL-d8 (each 15 m). Under 
Schlenk conditions gaseous ND3 was introduced for approximately 1 min to the NMR 
sample at 25°C. Finally, the NMR-tubes were sealed and DOSY measurements were 
performed at 25°C. 
4.3.5 iPr2NMgCl and iPr2NMgCl·LiCl  
Internal reference PhN (20 m) and crystalline [7·THF]2 or [9·THF]2 (100 m) were 
dissolved in THF-d8. DOSY spectra were collected at 25°C to −100°C.  
4.3.6 TMPMgCl·LiCl 
Internal reference PhN and crystalline 10·(THF)3 (each 20 m) were dissolved in THF-d8. 
DOSY spectra were collected at 25°C to −75°C. 
4.4 X-Ray Analysis 
Single crystals were selected due to their sensitivity and reactivity in inert perfluorinated 
oil.[143] The X-ray data sets of 65 and 66 were collected at 100(2) K on a Bruker Smart Apex 
II Ultra diffractometer equipped with a Bruker Rotating Anode with Mo-Kα radiation (λ = 
0.71073 Å). The X-ray data sets of [7·THF]2, 67, 68 and 71 were collected at 100(2) K on a 
Bruker Smart Apex II Quazar diffractometer with an Incoatec micro source[144] equipped 
with mirror-monochromated Mo-Kα radiation (λ = 0.71073 Å). The data were integrated 
with SAINT[145] and a semi-empirical absorption correction with SADABS[146] was applied. 
The structures were solved by direct methods with SHELXT[147] and refined by full-matrix 
least-squares on F2 for all data with SHELXL.[148] Non-hydrogen atoms were refined with 
anisotropic displacement parameters. Nitrogen-attached hydrogen atoms were located in 
the difference Fourier map and refined isotropically using distance similarity restraints for 
all N−H and H···H-1,2-distances. All other hydrogen atoms were placed in calculated 
positions and refined using a riding model.[149] 




4.4.1  [NH3·LiN(SiMe3)2]2·TOL 
4.4.1.1 Cystal Data 
Formula: C19H50Li2N4Si4, M = 460.87 g/mol, triclinic space group P1�, a = 9.561(2), b = 
11.710(2), c = 15.437(3) Å, α = 92.96(2)°, β = 105.26(2)°, γ = 110.88(2)°, V = 1537.5(6) Å3, 
Z = 2, μ(MoKα) = 0.205 mm-1, 70826 reflections collected, 6034 independent reflections 
(Rint = 1.88%), θmax = 26.02°, 293 parameters refined, 30 restraints used, R1[I>2σ(I)] = 




Fig. 4-1. Asymmetric unit of 65·TOL with carbon bound hydrogen atoms omitted for clarity. Anisotropic 
displacement parameters are depicted at the 50% probability level. 
 
Selected bond lengths (Å) and angles (°): N1−Si1 1.696(2), N1−Si2 1.698(2), N1−Li2 
2.032(5), N1−Li1 2.044(5), N2−Li1 2.029(5), N2−Si3 1.695(2), N2−Si4 1.697(2), N2−Li2 
2.031(5), N3−Li1 2.044(5), N4−Li2 2.046(5); Si1−N1−Si2 123.6(1), Si3−N2−Si4 122.7(1), 
N2−Li2−N1 105.6(2), N2−Li1−N1 105.2(2), Li2−N1−Li1 74.4(2), Li1−N2−Li2 74.7(2). 
  





4.4.2.1 Cystal Data 
Formula: C12H42N4Na2Si4, M = 400.83 g/mol, triclinic space group P1�, a = 9.459(2), b = 
10.088(2), c = 14.539(3) Å, α = 72.76(2)°, β = 84.69(2)°, γ = 84.69(2)°, V = 84.69(2)° Å3, Z = 
2, μ(MoKα) = 0.260 mm-1, 83314 reflections collected, 5797 independent reflections (Rint = 
2.16%), θmax = 27.12°, 230 parameters refined, 30 restraints used, R1[I>2σ(I)] = 3.25%, 
wR2(all data) = 8.51%, GooF = 1.158, largest diff. peak and hole 0.418 and −0.301 eÅ-3. 
 
 
Fig. 4-2. Asymmetric unit of 66 with carbon bound hydrogen atoms omitted for clarity. Anisotropic 
displacement parameters are depicted at the 50% probability level. 
 
The structure of 66 was refined as a twin with BASF = 0.5. Selected bond lengths (Å) and 
angles (°): N1−Si1 1.684(2), N1−Si1 1.684(2), N1−Si2 1.682(2), N1−Na1 2.401(2), N1−Na2 
2.396(2), N2−Si3 1.683(2), N2−Si3 1.683(2), N2−Na1 2.407(2), N2−Na2 2.384(2), N3-Na2 
2.402(2), N4-Na1 2.420(2); Si2−N1−Si1 127.31(9), Si2−N1−Si1 127.31(9), N1−Na1−N2 
100.00(5), N2−Na2−N1 100.82(5), Na2−N1−Na1 79.53(5), Na2−N2−Na1 79.64(5). 
  





4.4.3.1 Cystal Data 
Formula: C12H42K2N4Si4, M = 433.05 g/mol, monoclinic space group P21/n, a = 9.339(2), b = 
9.065(2), c = 15.950(3) Å, β = 97.92(2)°, V = 1337.4(5) Å3, Z = 2, μ(MoKα) = 0.536 mm-1, 
44595 reflections collected, 3059 independent reflections (Rint = 3.47%), θmax = 27.48°, 134 
parameters refined, 127 restraints used, R1[I>2σ(I)] = 2.51%, wR2(all data) = 6.45%, GooF = 
1.081, largest diff. peak and hole 0.272 and −0.191 eÅ-3. 
 
 
Fig. 4-3. Asymmetric unit of 67 with carbon bound hydrogen atoms omitted for clarity. Anisotropic 
displacement parameters are depicted at the 50% probability level.  
 
Disorder of N2 and N2’was refined with restraints for K−N and H···K 1,2-distances an 
occupancy ratio of 0.570:0.430. Selected bond lengths (Å) and angles (°): N1−Si1 1.669(1), 
N1−Si2 1.669(1), N1−K1 2.792(1), N1−K1* 2.834(1), N2−K1 2.829(6), N2'−K1 2.839(8); 
N1−K1−N1* 92.76(3), K1−N1−K1* 87.23(3), Si1−N1−Si2 135.46(7). Atoms highlighted 
with an asterisk are symmetry generated by 2−x, 1−y, 1−z. 
  





4.4.4.1 Cystal Data 
Formula: C12H42N4Rb2Si4, M = 525.79 g/mol, monoclinic space group P21/c, a = 8.825(2), 
b = 12.597(2), c = 12.410(3) Å, β = 106.88(2)°, V = 12.410(3) Å3, Z = 2, μ(MoKα) = 
2.095 mm-1, 48496 reflections collected, 3043 independent reflections (Rint = 10.21%), θmax = 
21.46°, 118 parameters refined, 40 restraints used, R1[I>2σ(I)] = 2.52%, wR2(all data) = 
5.00%, GooF = 1.018, largest diff. peak and hole 0.387 and −0.394 eÅ-3. 
 
 
Fig. 4-4. Asymmetric unit of 68 with carbon bound hydrogen atoms omitted for clarity. Anisotropic 
displacement parameters are depicted at the 50% probability level.  
 
Selected bond lengths (Å) and angles (°): N1−Si1 1.676(2), N1−Si2 1.672(2), N1−Rb1 
2.908(2), N1−Rb1* 3.016(2), N2−Rb1 3.014(3); N1−Rb1−N1* 95.83(4), Rb1-N1-Rb1* 
84.17(4), Si2−N1−Si1 125.6(1). Atoms highlighted with an asterisk are symmetry generated 
by −x, 1−y, −z. 
  





4.4.5.1 Cystal Data 
Formula: C12H48N6Na2Si4, M = 434.90 g/mol, monoclinic space group P21/n, a = 19.146(2), 
b = 9.876(2), c = 30.726(3) Å, β = 91.82(2)°, V = 5806.9(14) Å3, Z = 8, μ(MoKα) = 
0.242 mm-1, 205785 reflections collected, 11875 independent reflections (Rint = 6.21%), 
θmax = 26.37°, 529 parameters refined, 552 restraints used, R1[I>2σ(I)] = 3.31%, wR2(all 
data) = 8.98%, GooF = 1.042, largest diff. peak and hole 0.510 and −0.232 eÅ-3. 
 
 
Fig. 4-5. Asymmetric unit of 71 with carbon bound hydrogen atoms omitted for clarity. The asymmetric unit 
contains two molecules. Anisotropic displacement parameters are depicted at the 50% probability level. 
 
Selected bond lengths (Å) and angles (°): N1−Si1 1.689(1), N1−Si2 1.685(1), N1−Na1 
2.450(1), N1−Na2 2.387(1), N2−Si3 1.679 (1), N2−Si4 1.670(1), N2−Na2 2.339(1), N3−Na1 
2.472(2), N4−Na1 2.469(2), N5−Na1 2.432(2), N6−Na2 2.418 (2), N5−N2 3.219(2), 
N5−H···N2 2.39(1); N5−H−N2 172(2), Si2−N1−Si1 125.35(8), Si4−N2−Si3 127.95(8), 
Na2−N1−Na1 95.34(5), N5−Na1−N1 111.71(5), N2−Na2−N1 137.77(5); N1'−Si1' 1.691(1), 
N1'−Si2' 1.683(1), N1'−Na1' 2.440(1), N1'−Na2' 2.386(1), N2'−Si3' 1.679(1), N2'−Si4' 
1.669(1), N2'−Na2' 2.335 (1), N3'−Na1' 2.469(2), N4'−Na1' 2.437(2), N5'−Na1' 2.477(2), 
N6'−Na2' 2.401(2), N4’−N2’ 3.225(2), N4’−H···N2’ 2.40(1); N4’−H−N2’ 170(2), 
Si2'−N1'−Si1' 126.17(8), Si4'−N2'−Si3' 128.59(8), Na2'−N1'−Na1' 95.73(5), N5'−Na1'−N1' 










4.4.6.1 Crystal Data 
Formula: C20H44Cl2Mg2N2O2, M = 464.09 g/mol, monoclinic, space group P21/n, a = 
9.766(2), b = 9.648(2), c = 14.138(3) Å, β = 110.00(2)°, V = 1251.8(4) Å3, Z = 2, μ(MoKα) = 
0.327 mm-1, 33818 reflections collected, 2666 independent reflections (Rint = 3.91%), θmax = 
26.75°, 230 parameters refined, 686 restraints used, R1[I>2σ(I)] = 3.00%, wR2(all data) = 
7.96%, GooF = 1.067, largest diff. peak and hole 0.285 and −0.167 eÅ-3. Crystallographic 
data for compound [7·THF]2 have been deposited at the Cambridge Crystallographic Data 
Centre (CCDC) 1423230. 
 
 
Fig. 4-6. Asymmetric unit of [7·THF]2 with hydrogen atoms omitted for clarity. Anisotropic displacement 
parameters are depicted at the 50% probability level. 
 
Selected bond lengths (Å) and angles (°): Mg1−N1 2.142(1), Mg1−N1* 2.142(3), Mg1−Cl1 
2.324(1), Mg1−O1 2.070(6), N1−C2 1.510(3), N1−C4 1.503(3), O1−Mg1−N1 113.5(2), 
O1−Mg1−Cl1 91.8(1), N1*−Mg1−N1 96.9(1), Mg1*−N1−Mg1 83.2(1), 
N1−Mg1−N1*−Mg1’ 0.0. Atoms highlighted with an asterisk are symmetry generated by 
1−x, 1−y, 1−z. 
 
The structure is severely disordered and refined with distances restraints and restraints for 
the anisotropic displacement parameters.[149] However, the disorder was deconvoluted and 
refined successfully. The occupancy ratio was refined to 0.809:0.191. This disorder seems to 
be an inherent problem with this structure, since García-Álvarez and Mulvey et al. had also 






Estimating the Maximum Error of logDx,norm in TOL-d8 and THF-d8 
All measurements were performed at 25°C. All compounds have been measured in 15 mM 
solutions of analyte and reference in an equimolar ratio. The absolute diffusion coefficients 
(Dx) of all compounds are different on each NMR device. But the normalized diffusion 
coefficients logDx,norm shows on all devices nearly the same value with a small average 





A-Table 1. Diffusion parameter measured on two different NMR-devices (in TOL-d8 with ADAM as internal reference). 
Compound Device 1 a) Device 2 b) Average std. dev 
 logDx logDx,norm logDref logDx logDx,norm logDref logDx,norm σ 
TMS −8.6449 −8.7453 −8.7450 −8.7445 −8.7437 −8.8462 −8.7445 0.0012 
ADAM −8.7450 −8.8454 −8.7450 −8.8462 −8.8454 −8.8462 −8.8454 0.0000 
N(SiMe3)3 −8.8570 −8.9525 −8.7498 −8.9454 −8.9421 −8.8486 −8.9473 0.0074 
Si(SiMe3)4 −8.9090 −9.0077 −8.7467 −9.0031 −8.9998 −8.8486 −9.0038 0.0056 
Cyclopentane −8.5712 −8.6702 −8.7464 −8.6664 −8.6686 −8.8431 −8.6694 0.0011 
THF −8.5753 −8.6752 −8.7455 −8.6743 −8.6698 −8.8499 −8.6725 0.0038 
TOL-d7 −8.6334 −8.7338 −8.7450 −8.7366 −8.7358 −8.8462 −8.7348 0.0014 
Indene −8.6733 −8.7705 −8.7481 −8.7742 −8.7691 −8.8505 −8.7698 0.0010 
Naphthaline −8.7018 −8.7966 −8.7506 −8.7962 −8.7898 −8.8517 −8.7932 0.0048 
2-Phenylpyridine −8.7625 −8.8592 −8.7486 −8.8598 −8.8559 −8.8492 −8.8576 0.0023 
1-Phenylnaphthaline −8.8239 −8.9182 −8.7510 −8.9255 −8.9186 −8.8523 −8.9184 0.0003 
Tri(o-tolyl)phosphine −8.9562 −9.0476 −8.7540 −9.0499 −9.0402 −8.8551 −9.0439 0.0053 
BINAP −9.1258 −9.2235 −8.7476 −9.2339 −9.2337 −8.8456 −9.2286 0.0072 
Anthracene −8.7630 −8.8580 −8.7503 −8.8580 −8.8569 −8.8465 −8.8574 0.0008 
9-Methylanthracene −8.7820 −8.8790 −8.7484 −8.8900 −8.8858 −8.8496 −8.8824 0.0048 
Pyrene −8.7972 −8.8937 −8.7488 −8.9030 −8.8982 −8.8502 −8.8960 0.0031 
Triphenylene −8.8593 −8.9556 −8.7491 −8.9590 −8.9548 −8.8496 −8.9552 0.0006 
TPhN −9.0772 −9.1656 −8.7570 −9.1778 −9.1664 −8.8567 −9.1660 0.0006 
a) Uncalibrated gradients 






A-Table 2. Diffusion parameter measured on two different NMR-devices (in THF-d8 and TMB as internal standard). 
Compound  Device 1 a)   Device 2 b)  Average std. dev 
 logDx logDx,norm logDref logDx logDx,norm logDref logDx,norm σ 
         
TMS −8.5969 −8.6993 −8.6724 −8.7018 −8.7043 −8.7724 −8.7018 0.0035 
TMB −8.6724 −8.7749 −8.6724 −8.7724 −8.7749 −8.7724 −8.7749 0.0000 
N(SiMe3)3 −8.8091 −8.9124 −8.6716 −8.8993 −8.9018 −8.7724 −8.9071 0.0075 
Si(SiMe3)4 −8.8765 −8.9787 −8.6726 −8.9767 −8.9759 −8.7757 −8.9773 0.0020 
Cyclopentane −8.5381 −8.6439 −8.6690 −8.6428 −8.6435 −8.7742 −8.6437 0.0003 
THF-d7 −8.5303 −8.6328 −8.6724 −8.6368 −8.6393 −8.7724 −8.6360 0.0046 
Indene −8.6276 −8.7326 −8.6698 −8.7306 −8.7323 −8.7731 −8.7325 0.0002 
Naphthaline −8.6432 −8.7458 −8.6722 −8.7459 −8.7464 −8.7744 −8.7461 0.0004 
2-Phenylpyridine −8.6950 −8.7996 −8.6702 −8.7968 −8.7980 −8.7737 −8.7988 0.0011 
1-Phenylnaphthalin −8.7762 −8.8799 −8.6712 −8.8918 −8.8812 −8.7854 −8.8806 0.0009 
Tri(o-tolyl)phosphine −8.8904 −8.9914 −8.6739 −8.9965 −8.9957 −8.7757 −8.9935 0.0030 
BINAP −9.0678 −9.1666 −8.6761 −9.1670 −9.1661 −8.7757 −9.1663 0.0003 
Anthracene −8.7083 −8.8140 −8.6692 −8.8118 −8.8117 −8.7749 −8.8129 0.0016 
Pyrene −8.7453 −8.8436 −8.6765 −8.8503 −8.8479 −8.7773 −8.8457 0.0030 
Triphenylene −8.7904 −8.8889 −8.6763 −8.8852 −8.8849 −8.7752 −8.8869 0.0028 
TPhN −9.0082 −9.1057 −8.6774 −9.1103 −9.1050 −8.7802 −9.1054 0.0005 
       Average 0.0020 
a) Uncalibrated gradients 




Overview of the Used Model Compounds for ECCs 
Three dimensional models that were geometry optimized with the program Avogadro 1.1.0 
have been generated. Of course the transitions between the shapes are not sharp but there 
are clear systematic trends that can be rationalized. A-Table 3 displays, that compact 
spherical (CS) molecules have nearly the same radius in all dimensions with a highly filled 
space. Dissipated spheres and ellipsoids (DSE) have an elongated main-axis and a less filled 
space. Small annelated aromatic compounds like toluene (92 g/mol), indene (116 g/mol) or 
naphthaline (128 g/mol) with MW < 150 g/mol diffuse DSE-like. Also diphenylacetylene 
(178 g/mol) that has an elongated molecule is still in the range of a DSE shape. The 
significance of one and two dimensional shapes begins approximately at MW > 178 g/mol. 
This is why the ECCED for extended discs (ED) begins with anthracene that has a MW of 
178 g/mol.  
 
A-Table 3. Classification of all model compounds appropriate to their shapes. 
MWcalc [g/mol] Compact Spheres  
[g/mol] 
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1,3-Indandione (146)  
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External Calibration Curves 
The maximum deviation of logDx,norm was 0.0075, which is approximately the width at half 
maximum of a DOSY signal. This is the reason why the maximum ΔlogDx,norm was defined 





A-Table 4. ECC-parameter for TOL-d8 solvates. 
 logK error α error 
     
ECCCSTol −7.7581 0.0469 −0.5018 0.0224 
ECCDSETol  −7.5197 0.0279 −0.6098 0.0120 
ECCEDTol −7.1008 0.0717 −0.7836 0.0306 
 
A-Figure 1. Plots of logDx,norm vs logMW in TOL-d8 of all model compounds sorted by their molecular shape. 








A-Table 5. ECC-parameter for THF-d8 solvates 
 logK error α error 
     
ECCCSTHF −7.7427 0.0397 −0.4943 0.0187 
ECCDSETHF −7.5360 0.0270 −0.5824 0.0117 
ECCEDTHF −7.1205 0.0449 −0.7519 0.0191 
 
A-Figure 2. Plots of logDx,norm vs logMW in THF-d8 of all model compounds sorted by their molecular shape. 






A-Table 6. Overview of the used model compounds for ECCTOL and their normalized diffusion 
coefficients logDx,norm, the determined MWdet and the deviation from the real molecular weight MWerr.a) 
ADAM was used as the internal reference with logDref,fix (ADAM) = −8.8454. All compounds have been 
measured in 15 mM solutions of analyte and ADAM in an equimolar ratio. 
MWcalc 





       
70 Cyclopentane 2.1411E−09 −8.6694 1.8157 65 7 
72 THF 2.1258E−09 −8.6725 1.8220 66 8 
88 TMS 1.8010E−09 −8.7445 1.9655 92 −5 
88 MTBE 1.7965E−09 −8.7456 1.9676 93 −5 
114 TMB 1.5985E−09 −8.7963 2.0687 117 −3 
136 ADAM b) 1.4277E−09 −8.8454 2.1665 147 −8 
234 N(SiMe3)3 1.1290E−09 −8.9473 2.3696 234 0 
321 Si(SiMe3)4 9.9135E−10 −9.0038 2.4821 303 5 
 Dissipated Spheres & Ellipsoids, ECCDSE     
102 Diisopropylether 1.7727E−09 −8.7514 2.0199 105 −3 
116 Indene 1.6990E−09 −8.7698 2.0501 112 3 
128 Naphthaline 1.6099E−09 −8.7932 2.0885 123 4 
146 1,3 Indandione 1.4257E−09 −8.8460 2.1750 150 −2 
155 2-Phenylpyridine 1.3882E−09 −8.8576 2.1941 156 −1 
164 Tetramethoxypropane 1.3420E−09 −8.8722 2.2181 165 −1 
178 Diphenylacetylene 1.2316E−09 −8.9095 2.2793 190 −7 
202 Diphenylsulfoxid 1.1859E−09 −8.9260 2.3062 202 0 
204 1-Phenylnaphthaline 1.2067E−09 −8.9184 2.2938 197 4 
304 Tri(o-tolyl)phosphine 9.0389E−10 −9.0439 2.4996 316 −4 
595 Hexaphenyltrisiloxane 6.1914E−10 −9.2082 2.7691 588 1 
623 BINAP 5.9079E−10 −9.2286 2.8025 635 −2 
 Expanded Discs, ECCED      
178 Anthracene 1.3885E−09 2.2504 −8.8574 2.2417 2 
179 Acridine 1.3190E−09 2.2529 −8.8797 2.2701 −4 
192 9-Methylanthracene 1.3110E−09 2.2833 −8.8824 2.2735 2 
202 Pyrene 1.2707E−09 2.3054 −8.8960 2.2908 3 
208 Anthrachinone 1.1915E−09 2.3181 −8.9239 2.3265 −2 
228 Triphenylene 1.1087E−09 2.3579 −8.9552 2.3664 −2 
433 Tetraphenylnaphthaline 6.8229E−10 2.6365 −9.1660 2.6355 0 
    Std. dev. σ 4 
a) When a compound had more than one signal in the 1H-NMR, the average diffusion coefficient was 
used. 






A-Table 7. Overview of the used model compounds for ECCTHF and their normalized diffusion 
coefficients 𝐥𝐨𝐠𝑫𝐱,𝐧𝐨𝐫𝐦, the determined MWdet and the deviation MWerr. TMB was used as the internal 
reference with logDref,fix (TMB) = −8.7749. All compounds have been measured in 15 mM solutions of 









       
70 Cyclopentane 2.2713E−09 −8.6437 1.8229 67 5 
88 TMS 1.9870E−09 −8.7018 1.9404 87 1 
88 MTBE 1.9980E−09 −8.6994 1.9356 86 2 
114 TMB 1.6793E−09 −8.7749 2.0882 123 −7 
136 ADAM b) 1.5481E−09 −8.8102 2.1597 144 −6 
234 N(SiMe3)3 1.2386E−09 −8.9071 2.3557 227 3 
321 Si(SiMe3)4 1.0537E−09 −8.9773 2.4977 315 2 
 Dissipated Spheres & Ellipsoids, ECCDSE     
92 Toluol 2.1175E−09 −8.6742 1.9543 90 2 
102 Diisopropylether 1.8871E−09 −8.7242 2.0402 110 −8 
116 Indene 1.8515E−09 −8.7325 2.0544 113 2 
128 Naphthaline 1.7943E−09 −8.7461 2.0778 120 7 
146 1,3 Indandione 1.5478E−09 −8.8103 2.1880 154 −6 
155 2-Phenylpyridine 1.5921E−09 −8.7980 2.1670 147 5 
164 Tetramethoxypropane 1.5028E−09 −8.8231 2.2100 162 1 
178 Diphenylacetylene 1.4013E−09 −8.8535 2.2622 183 −3 
202 Diphenylsulfoxid 1.3256E−09 −8.8776 2.3035 201 0 
204 1-Phenylnaphthaline 1.3146E−09 −8.8812 2.3098 204 0 
304 Tri(o-tolyl)phosphine 1.0100E−09 −8.9957 2.5063 321 −6 
595 Hexaphenyltrisiloxane 7.2042E−10 −9.1424 2.7583 573 4 
623 BINAP 6.8215E−10 −9.1661 2.7990 629 −1 
 Expanded Discs, ECCED      
178 Anthracene 1.5386E−09 −8.8129 2.2509 178 0 
179 Acridine 1.5119E−09 −8.8205 2.2610 182 −2 
192 9-Methylanthracene 1.4321E−09 −8.8440 2.2923 196 −2 
202 Pyrene 1.4265E−09 −8.8457 2.2946 197 2 
208 Anthrachinone 1.3734E−09 −8.8622 2.3165 207 0 
228 Triphenylene 1.2975E−09 −8.8869 2.3493 224 2 
433 Tetraphenylnaphthaline 7.8459E−10 −9.1054 2.6399 436 −1 
    Std. dev. σ 4 
a) When a compound had more than one signal in the 1H-NMR, the average diffusion coefficient was 
used. 






Influence of High Concentration 
A-Table 8. ECCTOL from 15 mM solutions were used to determine the MW of compounds that were 
measured in concentrated TOL-d8 solutions (120 m). The deviation MWerr is a little higher than in the 
dilute solutions but still in a good range. ADAM was used as the internal reference with logDref,fix 









       
70 Cyclopentane 2.0900E−09 −8.6799 1.8367 69 2 
72 THF 2.0805E−09 −8.6818 1.8406 69 4 
88 MTBE 1.7751E−09 −8.7508 1.9780 95 −8 
88 TMS 1.8331E−09 −8.7368 1.9502 89 −1 
136 ADAM b) 1.4277E−09 −8.8454 2.1665 147 −8 
234 N(SiMe3)3 1.1410E−09 −8.9427 2.3605 229 2 
321 Si(SiMe3)4 9.5908E−10 −9.0181 2.5108 324 −1 
 Dissipated Spheres & Ellipsoids, ECCDSE     
102 Diisopropylether 1.7278E−09 −8.7625 2.0382 109 −7 
116 Indene 1.6664E−09 −8.7782 2.0639 116 0 
146 Indandione 1.3971E−09 −8.8548 2.1895 155 −6 
155 2-Phenylpyridine 1.4019E−09 −8.8533 2.1871 154 1 
161 HMDS 1.3379E−09 −8.8736 2.2203 166 −3 
164 tetramethoxythane 1.3153E−09 −8.8810 2.2324 171 −4 
178 Diphenylacetylene 1.2020E−09 −8.9201 2.2966 198 −11 
204 PhN 1.1174E−09 −8.9518 2.3486 223 −9 
304 Tri(o-tolyl)phosphine 8.4481E−10 −9.0732 2.5477 353 −16 
595 Hexaphenyltrisiloxane 6.0717E−10 −9.2167 2.7830 607 −2 
 Expanded Discs, ECCED      
192 9-Methylanthracene 1.2259E−09 −8.9116 2.3107 205 −7 
202 Pyrene 1.2195E−09 −8.9138 2.3136 206 −2 
228 Triphenylene 1.1129E−09 −8.9535 2.3643 231 −1 
433 Tetraphenylnaphthaline 6.2746E−10 −9.2024 2.6819 481 −11 
    Std. dev. σ 5 
       
  
a) When a compound had more than one signal in the 1H-NMR, the average diffusion coefficient was 
used. 






Testing the Influence of the Temperature on ECCs 
A-Table 9. ECC-MW-determination of Si(SiMe3)4 (321 g/mol) in TOL-d8 and in THF-d8. ADAM was used 
as internal reference in 15mM solutions. 









      
100 9.5854E−10 −9.0184 2.5113 325 −1 
75 9.6025E−10 −9.0176 2.5097 323 −1 
50 9.6687E−10 −9.0146 2.5038 319 1 
25 9.5261E−10 −9.0211 2.5166 329 −2 
0 9.7043E−10 −9.0130 2.5006 317 1 
−25 9.5640E−10 −9.0194 2.5132 326 −2 
−50 9.9297E−10 −9.0031 2.4807 302 6 
−75 9.8113E−10 −9.0083 2.4911 310 3 
      
 









      
60 1.0540E−09 −8.9772 2.4975 314 2 
45 1.0433E−09 −8.9816 2.5065 321 0 
25 1.0671E−09 −8.9718 2.4866 307 4 
0 1.0594E−09 −8.9749 2.4930 311 3 
−25 1.0766E−09 −8.9680 2.4788 301 6 
−50 1.0331E−09 −8.9859 2.5151 327 −2 







Calculation of the Molar Van der Waals Density MDw 








     
Cyclopentane C5H10 70 4.41E+29 1.59E-28 
THF C4H8O 72 5.08E+29 1.42E-28 
TMS C4H12Si 88 4.68E+29 1.88E-28 
MTBE C5H12O 88 4.77E+29 1.85E-28 
TMB C8H18 114 4.30E+29 2.65E-28 
ADAM C10H16 136 4.61E+29 2.95E-28 
N(SiMe3)3 C9H27NSi3 234 5.00E+29 4.68E-28 
Si(SiMe3)4 C12H36Si5 321 5.00E+29 6.42E-28 
Toluol C7H8 92 4.88E+29 1.89E-28 
Diisopropylether C6H14O 102 4.72E+29 2.16E-28 
Indene C9H8 116 5.05E+29 2.30E-28 
Naphthaline C10H8 128 5.11E+29 2.50E-28 
1,3 Indandione C9H6O2 146 5.89E+29 2.48E-28 
2-Phenylpyridine C11H9N 155 5.31E+29 2.92E-28 
Tetramethoxypropane C7H16O4 164 5.61E+29 2.92E-28 
Diphenylacetylene C14H10 178 5.18E+29 3.44E-28 
Diphenylsulfoxid C12H10OS 202 5.91E+29 3.42E-28 
1-Phenylnaphthaline C16H12 204 5.15E+29 3.96E-28 
Tri(o-tolyl)phosphine C21H21P 304 5.30E+29 5.74E-28 
Hexaphenyltrisiloxane C36H30O3Si3 595 5.57E+29 1.07E-27 
BINAP C44H32P2 623 5.50E+29 1.13E-27 
Anthracene C14H10 178 5.18E+29 3.44E-28 
Acridine C13H9N 179 5.37E+29 3.33E-28 
9-Methylanthracene C15H12 192 5.11E+29 3.76E-28 
Pyrene C16H10 202 5.25E+29 3.85E-28 
Anthrachinone C14H8O2 208 5.74E+29 3.62E-28 
Triphenylene C18H12 228 5.21E+29 4.37E-28 
Tetraphenylnaphthaline C34H24 433 5.19E+29 8.34E-28 
1-Hexylchloride C6H13Cl 120 5.49E+29 2.18E-28 
1-Octylchloride C8H17Cl 149 5.29E+29 2.82E-28 
1-Decylchloride C10H21Cl 177 5.13E+29 3.45E-28 
1-Propylbromide C3H7Br 123 9.66E+29 1.27E-28 
Dibromoanthracene C14H8Br2 336 8.71E+29 3.86E-28 





DOSY-Spectrum of LDA in TOL-d8 at −50°C 
 
A-Figure 3. DOSY-Spectrum of LDA in TOL-d8 at −50°C. 
 













       
(A)  TOL-d8 (92) b) 3.723 −9.4291 −8.6992 86 7 
(B) Diisopropylamine (101) 3.402 −9.4683 −8.7383 100 1 
(C) ADAM (136) c) 2.659 −9.5753 −8.8454 147 −8 
(D) Mix of (1), (2), (3)      
(1)  Trimer (321) 1.632 −9.7873 −9.0574 332 −3 
(2) Tetramer (428) 1.409 −9.8511 −9.1212 423 1 
(3) Pentamer (536) 1.243 −9.9055 −9.1756 520 3 
(E) Higher oligomers      
     
  
a) All MWs were calculated by using ECCDSE.  
b) Deuterated species diffuse like their protonated counterparts.  





A-Table 12. Relative proton intensities of the α−CH signals of LDA in TOL-d8 at various temperatures.a) 
Temp Trimer Tetramer Pentamer Oligomer 
[°C] A B C D 
−75 4 8 5 5 
−50 5 8 5 4 
−25 6 8 4 4 
0 10 8 2 2 
+25 12 8 4 b) 
+50 12 8 3 b) 
+75 28 8 2 b) 
+100 One coalesced signal 
 
 
1H-DOSY-ECC-MW-determination parameters of MHMDS (M = Li, Na and K) 
in TOL-d8 with ammonia as donor base 
 
A-Table 13. DOSY-ECC-MW-determination parameters of MHMDS in TOL-d8 (15 m) with ammonia 
as donor base. ADAM was used as internal reference (15 m) and ECCDSE to determine the MWs. 
 LiHMDS NaHMDS KHMDS 
Dx 9.4180E−10 8.8640E−10 8.1480E−10 
logDx −9.0260 −9.0524 −9.0889 
logDx,norm −9.0643 −9.1356 −9.1243 
Dref (ADAM) 1.5590E−09 1.7290E−09 1.5485E−09 
logDref (ADAM) −8.8072 −8.7622 −8.8101 
MWdet  [g/mol] 341 447 428 
  
a) Sum of the α−CH protons: trimer (6 H), tetramer (8 H), pentamer (10 H). Due to signal overlap the 
sum of the integrals is not always constant.  





A-Table 14. DOSY-ECC-MW-determination of LiHMDS in TOL-d8 (15 m) with ammonia as donor 
base. ADAM was used as internal reference (15 m) and ECCDSE to determine the MWs. 






A [LiHMDS]2 335 −2  
B (NH3) ·[LiHMDS]2 352 3  
C (NH3)2 ·[LiHMDS]2 369 7  
D (NH3)3 ·[LiHMDS]2 386 12  
E/F (NH3)4 ·[LiHMDS]2 403 15  
G (NH3)5 ·[LiHMDS]2 420 19  
H (NH3)3 ·LiHMDS 218 −56  
 
A-Table 15. DOSY-ECC-MW-determination of NaHMDS in TOL-d8 (15 m) with ammonia as donor 
base. ADAM was used as internal reference (15 m) and ECCDSE to determine the MWs. 






A [NaHMDS]2 367 −22  
B (NH3) ·[NaHMDS]2 384 −16  
C (NH3)2 ·[NaHMDS]2 401 −11  
D (NH3)3 ·[NaHMDS]2 418 −7  
E/F (NH3)4 ·[NaHMDS]2 435 −3  
G (NH3)5 ·[NaHMDS]2 452 1  
H (NH3)3 ·NaHMDS 234 −90  
 
A-Table 16. DOSY-ECC-MW-determination of KHMDS in TOL-d8 (15 m) with ammonia as donor 
base. ADAM was used as internal reference (15 m) and ECCDSE to determine the MWs. 






     
A [KHMDS]2 399 −7  
B (NH3) ·[KHMDS]2 416 −3  
C (NH3)2 ·[KHMDS]2 433 1  
D (NH3)3 ·[KHMDS]2 450 5  
E/F (NH3)4 ·[KHMDS]2 467 8  
G (NH3)5 ·[KHMDS]2 484 12  






1H spectra of iPr2NMgCl 7 in THF-d8 
 
A-Figure 4. 1H spectrum of iPr2NMgCl 7 (0.10 ) in THF-d8. (α−CH region). 
 
 






1H and 7Li spectra of iPr2NMgCl·LiCl 9 in THF-d8 
 
A-Figure 6. 1H spectrum of iPr2NMgCl·LiCl 9 (0.10 ) in THF-d8. (α−CH region). 
 
 






A-Figure 8. 7Li spectra of iPr2NMgCl·LiCl 9 (0.10 ) in THF-d8. 
 











LiCl is known to exist as a tetrasolvated  
dimer in THF solution.[150] 
  
 














LDA is known to exist exclusively as a 
disolvated dimer in THF solution.[151] 
Lithium species of 9 resonances at a 
chemical shift region of 0.18 ppm to 
0.38 ppm in the 7Li experiment. 
LDA can be excluded to be present in 
solution of 9, because it resonances at 
around 2 ppm.  
 
 







A-Figure 11. 7Li spectrum of LDA (0.10 ) in THF-d8. 
 
1H-DOSY-ECC-MW-determination parameters of iPr2NMgCl 7 
A-Table 17. 1H-DOSY-ECC-MW-determination of iPr2NMgCl 7 in THF-d8 (0.10 ). PhN (0.02 ) was 
used as internal reference with logDref,fix(PhN) = −8.8812. The accuracy of this method is in the range of 
MWerr  < ±9%. 
1H−DOSY     25°C 
 Signal a Species MWcalc [g/mol] MWerr[%] 
Dx (a) 1.1250E−09  MgCl2·D1(D2)·MgCl2  655 50 
logDx (a) −8.9488   D1 464 30 
logDx,norm (a) −8.9999   M1·(MgCl2)2·M1 943 65 
Dref (PhN) 1.4787E−09  (μ−Cl3)−M1·MgCl2 616 47 
logDref (PhN) −8.8301   D2 464 30 
MWdet [g/mol] 326  M2 369 12 
   M1 304 −7 
 Signal b Species MWcalc [g/mol] MWerr[%] 
Dx (b) 1.0600E−09  MgCl2·D1(D2)·MgCl2  655 45 
logDx (b) −8.9747   D1 464 22 
logDx,norm (b) −9.0258   M1·(MgCl2)2·M1 943 62 
Dref (PhN) 1.4787E−09  (μ−Cl3)−M1·MgCl2 616 41 
logDref (PhN) −8.8301   D2 464 22 
MWdet [g/mol] 361  M2 369 2 





     −15°C 
 Signal a Species MWcalc [g/mol] MWerr[%] 
Dx (a) 5.3190E−10  MgCl2·D1(D2)·MgCl2  655 53 
logDx (a) −9.2742   D1 464 34 
logDx,norm (a) −8.9833   M1·(MgCl2)2·M1 943 68 
Dref (PhN) 6.7280E−10  (μ−Cl3)−M1·MgCl2 616 50 
logDref (PhN) −9.1721   D2 464 34 
MWdet [g/mol] 305  M2 369 17 
   M1 304 0 
 Signal b Species MWcalc [g/mol] MWerr[%] 
Dx (b) 4.6230E−10  MgCl2·D1(D2)·MgCl2  655 41 
logDx (b) −9.3351   D1 464 16 
logDx,norm (b) −9.0442   M1·(MgCl2)2·M1 943 59 
Dref (PhN) 6.7280E−10  (μ−Cl3)−M1·MgCl2 616 37 
logDref (PhN) −9.1721   D2 464 16 
MWdet [g/mol] 389  M2 369 −5 
   M1 304 −28 
 Signal c Species MWcalc [g/mol] MWerr[%] 
Dx (c) 4.2840E−10  MgCl2·D1(D2)·MgCl2  655 32 
logDx (c) −9.3682   D1 464 5 
logDx,norm (c) −9.0772   M1·(MgCl2)2·M1 943 53 
Dref (PhN) 6.7280E−10  (μ−Cl3)−M1·MgCl2 616 28 
logDref (PhN) −9.1721   D2 464 5 
MWdet [g/mol] 443  M2 369 −20 
   M1 304 −46 
 Signal d Species MWcalc [g/mol] MWerr[%] 
Dx (d) 4.3580E−10  MgCl2·D1(D2)·MgCl2  655 34 
logDx (d) −9.3607   D1 464 7 
logDx,norm (d) −9.0698   M1·(MgCl2)2·M1 943 54 
Dref (PhN) 6.7280E−10  (μ−Cl3)−M1·MgCl2 616 30 
logDref (PhN) −9.1721   D2 464 7 
MWdet [g/mol] 430  M2 369 −17 
   M1 304 −41 
     −25°C 
 Signal a Species MWcalc [g/mol] MWerr[%] 
Dx (a) 4.2320E−10  MgCl2·D1(D2)·MgCl2  655 52 
logDx (a) −9.3735   D1 464 33 
logDx,norm (a) −8.9883   M1·(MgCl2)2·M1 943 67 





logDref (PhN) −9.2663   D2 464 33 
MWdet [g/mol] 312  M2 369 16 
   M1 304 −2 
 Signal b Species MWcalc [g/mol] MWerr[%] 
Dx (b) 3.8110E−10  MgCl2·D1(D2)·MgCl2  655 43 
logDx (b) −9.4190   D1 464 20 
logDx,norm (b) −9.0338   M1·(MgCl2)2·M1 943 60 
Dref (PhN) 5.4157E−10  (μ−Cl3)−M1·MgCl2 616 39 
logDref (PhN) −9.2663   D2 464 20 
MWdet [g/mol] 373  M2 369 −1 
   M1 304 −23 
 Signal c Species MWcalc [g/mol] MWerr[%] 
Dx (c) 3.3890E−10  MgCl2·D1(D2)·MgCl2  655 30 
logDx (c) −9.4699   D1 464 2 
logDx,norm (c) −9.0848   M1·(MgCl2)2·M1 943 52 
Dref (PhN) 5.4157E−10  (μ−Cl3)−M1·MgCl2 616 26 
logDref (PhN) −9.2663   D2 464 2 
MWdet [g/mol] 456  M2 369 −24 
   M1 304 −50 
 Signal d Species MWcalc [g/mol] MWerr[%] 
Dx (d) 3.4580E−10  MgCl2·D1(D2)·MgCl2  655 33 
logDx (d) −9.4612   D1 464 5 
logDx,norm (d) −9.0760   M1·(MgCl2)2·M1 943 53 
Dref (PhN) 5.4157E−10  (μ−Cl3)−M1·MgCl2 616 28 
logDref (PhN) −9.2663   D2 464 5 
MWdet [g/mol] 441  M2 369 −20 
   M1 304 −45 
     −50°C 
 Signal a Species MWcalc [g/mol] MWerr[%] 
Dx (a) 2.3360E−10  MgCl2·D1(D2)·MgCl2  655 53 
logDx (a) −9.6315   D1 464 33 
logDx,norm (a) −8.9862   M1·(MgCl2)2·M1 943 67 
Dref (PhN) 2.9747E−10  (μ−Cl3)−M1·MgCl2 616 50 
logDref (PhN) −9.5266   D2 464 33 
MWdet [g/mol] 309  M2 369 16 
   M1 304 −2 
      
      





 Signal b Species MWcalc [g/mol] MWerr[%] 
Dx (b) 2.1800E−10  MgCl2·D1(D2)·MgCl2  655 47 
logDx (b) −9.6615   D1 464 25 
logDx,norm (b) −9.0162   M1·(MgCl2)2·M1 943 63 
Dref (PhN) 2.9747E−10  (μ−Cl3)−M1·MgCl2 616 43 
logDref (PhN) −9.5266   D2 464 25 
MWdet [g/mol] 348  M2 369 6 
   M1 304 −14 
 Signal c+d no signal   
      
 Signal e Species MWcalc [g/mol] MWerr[%] 
Dx (e) 1.9850E−10  MgCl2·D1(D2)·MgCl2  655 24 
logDx (e) −9.7022   D1 464 −7 
logDx,norm (e) −9.0569   M1·(MgCl2)2·M1 943 47 
Dref (PhN) 2.9747E−10  (μ−Cl3)−M1·MgCl2 616 19 
logDref (PhN) −9.5266   D2 464 −7 
MWdet,corr [g/mol] 497  M2 369 −35 
MWdet [g/mol] 409  M1 304 −63 
 Signal f Species MWcalc [g/mol] MWerr[%] 
Dx (f) 1.9330E−10  MgCl2·D1(D2)·MgCl2  655 35 
logDx (f) −9.7138   D1 464 8 
logDx,norm (f) −9.0684   M1·(MgCl2)2·M1 943 55 
Dref (PhN) 2.9747E−10  (μ−Cl3)−M1·MgCl2 616 31 
logDref (PhN) −9.5266   D2 464 8 
MWdet [g/mol] 428  M2 369 −16 
   M1 304 −41 
     −70°C 
 Signal a Species MWcalc [g/mol] MWerr[%] 
Dx (a) 1.1650E−10  MgCl2·D1(D2)·MgCl2  655 55 
logDx (a) −9.9337   D1 464 36 
logDx,norm (a) −8.9763   M1·(MgCl2)2·M1 943 68 
Dref (PhN) 1.4503E−10  (μ−Cl3)−M1·MgCl2 616 52 
logDref (PhN) −9.8385   D2 464 36 
MWdet [g/mol] 297  M2 369 19 
   M1 304 2 
      
      
      





 Signal b Species MWcalc [g/mol] MWerr[%] 
Dx (b) 1.0720E−10  MgCl2·D1(D2)·MgCl2  655 48 
logDx (b) −9.9698   D1 464 26 
logDx,norm (b) −9.0125   M1·(MgCl2)2·M1 943 64 
Dref (PhN) 1.4503E−10  (μ−Cl3)−M1·MgCl2 616 44 
logDref (PhN) −9.8385   D2 464 26 
MWdet [g/mol] 343  M2 369 7 
   M1 304 −13 
 Signal c+d no signal   
      
 Signal e Species MWcalc [g/mol] MWerr[%] 
Dx (e) 9.1980E−11  MgCl2·D1(D2)·MgCl2  655 17 
logDx (e) −1.0036E+01  D1 464 −17 
logDx,norm (e) −9.0790   M1·(MgCl2)2·M1 943 42 
Dref (PhN) 1.4503E−10  (μ−Cl3)−M1·MgCl2 616 12 
logDref (PhN) −9.8385   D2 464 −17 
MWdet,corr [g/mol] 542  M2 369 −47 
MWdet [g/mol] 446  M1 304 −78 
 Signal f Species MWcalc [g/mol] MWerr[%] 
Dx (f) 8.4910E−11  MgCl2·D1(D2)·MgCl2  655 22 
logDx (f) −1.0071E+01  D1 464 −10 
logDx,norm (f) −9.1137   M1·(MgCl2)2·M1 943 46 
Dref (PhN) 1.4503E−10  (μ−Cl3)−M1·MgCl2(4THF) 544 6 
logDref (PhN) −9.8385   D2 464 −10 
MWdet [g/mol] 512  M2 369 −39 
   M1 304 −68 
 Signal a too weak in intensity  −80°C 
 Signal b Species MWcalc [g/mol] MWerr[%] 
Dx (b) 7.3170E−11  MgCl2·D1(D2)·MgCl2  655 47 
logDx (b) −1.0136E+01  D1 464 25 
logDx,norm (b) −9.0147   M1·(MgCl2)2·M1 943 63 
Dref (PhN) 9.9497E−11  (μ−Cl3)−M1·MgCl2 616 44 
logDref (PhN) −1.0002E+01  D2 464 25 
MWdet [g/mol] 346  M2 369 6 
   M1 304 −14 
 Signal c+d no signal   
      
      





 Signal e Species MWcalc [g/mol] MWerr[%] 
Dx (e) 5.4260E−11  MgCl2·D1(D2)·MgCl2  655 −7 
logDx (e) −1.0266E+01  D1 464 −51 
logDx,norm (e) −9.1445   M1·(MgCl2)2·M1 943 25 
Dref (PhN) 9.9497E−11  (μ−Cl3)−M1·MgCl2 616 −14 
logDref (PhN) −1.0002E+01  D2 464 −51 
MWdet,corr [g/mol] 703  M2 369 −91 
MWdet [g/mol] 578  M1 304 −131 
 Signal f Species MWcalc [g/mol] MWerr[%] 
Dx (f) 5.2290E−11  MgCl2·D1(D2)·MgCl2  655 6 
logDx (f) −1.0282E+01  D1 464 −33 
logDx,norm (f) −9.1606   M1·(MgCl2)2·M1 943 35 
Dref (PhN) 9.9497E−11  (μ−Cl3)−M1·MgCl2 616 0 
logDref (PhN) −1.0002E+01  D2 464 −33 
MWdet [g/mol] 616  M2 369 −67 
   M1 304 −102 
 Signal a too weak in intensity  −90°C 
 Signal b Species MWcalc [g/mol] MWerr[%] 
Dx (b) 4.5770E−11  MgCl2·D1(D2)·MgCl2  655 47 
logDx (b) −1.0339E+01  D1 464 26 
logDx,norm (b) −9.0139   M1·(MgCl2)2·M1 943 63 
Dref (PhN) 6.2133E−11  (μ−Cl3)−M1·MgCl2 616 44 
logDref (PhN) −1.0207E+01  D2 464 26 
MWdet [g/mol] 345  M2 369 7 
   M1 304 −13 
 Signal c+d no signal   
 Signal e+f too weak in intensity   
 Signal a too weak in intensity  −100°C 
 Signal b Species MWcalc [g/mol] MWerr[%] 
Dx (b) 2.6840E−11  MgCl2·D1(D2)·MgCl2  655 48 
logDx (b) −1.0571E+01  D1 464 26 
logDx,norm (b) −9.0122   M1·(MgCl2)2·M1 943 64 
Dref (PhN) 3.6287E−11  (μ−Cl3)−M1·MgCl2 616 44 
logDref (PhN) −1.0440E+01  D2 464 26 
MWdet [g/mol] 342  M2 369 7 
   M1 304 −13 
 Signal c+d no signal   






1H-DOSY-ECC-MW-determination parameters of iPr2NMgCl·LiCl 9 
A-Table 18. 1H-DOSY-ECC-MW-determination of iPr2NMgCl·LiCl 9 in THF-d8 (0.10 ). PhN (0.02 ) 
was used as internal reference with logDref,fix(PhN) = −8.8812. The accuracy of this method is in the range 
of MWerr  < ±9%. 
1H−DOSY     25°C 
 Signal a2 Species MWcalc [g/mol] MWerr[%] 
Dx (a2) 9.2820E−10  LiCl·D1·LiCl 693 38 
logDx (a2) −9.0324   D1 464 8 
logDx,norm (a2) −9.0693   LiCl·D2·LiCl 693 38 
Dref (PhN) 1.4313E−09  D2 464 8 
logDref(PhN) −8.8443   M1·LiCl 419 −3 
MWdet [g/mol] 429  M1 304 −41 
   M0 268 −60 
      
 Signal b2 too low in intensity  
 Signal c2 Species MWcalc [g/mol] MWerr[%] 
Dx (c2) 8.2560E−10  LiCl·D1·LiCl 693 24 
logDx (c2) −9.0832   D1 464 −13 
logDx,norm (c2) −9.1202   LiCl·D2·LiCl 693 24 
Dref (PhN) 1.4313E−09  D2 464 −13 
logDref(PhN) −8.8443   M1·LiCl 419 −25 
MWdet [g/mol] 525  M1 304 −73 
   M0 268 −96 
     0°C 
 Signal a2 Species MWcalc [g/mol] MWerr[%] 
Dx (a2) 6.1450E−10  LiCl·D1·LiCl 693 39 
logDx (a2) −9.2115   D1 464 9 
logDx,norm (a2) −9.0647   LiCl·D2·LiCl 693 39 
Dref (PhN) 9.3753E−10  D2 464 9 
logDref(PhN) −9.0280   M1·LiCl 419 −1 
MWdet [g/mol] 421  M1 304 −39 
   M0 268 −58 
 Signal b2 Species MWcalc [g/mol] MWerr[%] 
Dx (b2) 5.5940E−10  LiCl·D1·LiCl 693 29 
logDx (b2) −9.2523   D1 464 −7 
logDx,norm (b2) −9.1055   LiCl·D2·LiCl 693 29 
Dref (PhN) 9.3753E−10  D2 464 −7 
logDref(PhN) −9.0280   M1·LiCl 419 −18 





   M0 268 −85 
 Signal c2 Species MWcalc [g/mol] MWerr[%] 
Dx (c2) 5.0700E−10  LiCl·D1·LiCl 693 15 
logDx (c2) −9.2950   D1 464 −26 
logDx,norm (c2) −9.1482   LiCl·D2·LiCl 693 15 
Dref (PhN) 9.3753E−10  D2 464 −26 
logDref(PhN) −9.0280   M1·LiCl 419 −40 
MWdet [g/mol] 586  M1 304 −93 
   M0 268 −119 
     −15°C 
 Signal a2 Species MWcalc [g/mol] MWerr[%] 
Dx (a2) 4.5560E−10  LiCl·D1·LiCl 693 39 
logDx (a2) −9.3414   D1 464 9 
logDx,norm (a2) −9.0650   LiCl·D2·LiCl 693 39 
Dref (PhN) 6.9570E−10  D2 464 9 
logDref(PhN) −9.1576   M1·LiCl 419 −1 
MWdet [g/mol] 422  M1 304 −39 
   M0 268 −58 
 Signal b2 Species MWcalc [g/mol] MWerr[%] 
Dx (b2) 4.3210E−10  LiCl·D1·LiCl 693 33 
logDx (b2) −9.3644   D1 464 0 
logDx,norm (b2) −9.0880   LiCl·D2·LiCl 693 33 
Dref (PhN) 6.9570E−10  D2 464 0 
logDref(PhN) −9.1576   M1·LiCl 419 −10 
MWdet [g/mol] 462  M1 304 −52 
   M0 268 −73 
 Signal c2 Species MWcalc [g/mol] MWerr[%] 
Dx (c2) 3.7190E−10  LiCl·D1·LiCl 693 14 
logDx (c2) −9.4296   D1 464 −29 
logDx,norm (c2) −9.1532   LiCl·D2·LiCl 693 14 
Dref (PhN) 6.9570E−10  D2 464 −29 
logDref(PhN) −9.1576   M1·LiCl 419 −43 
MWdet [g/mol] 598  M1 304 −97 
   M0 268 −124 
      
      
      
      





     −40°C 
 Signal a2 Species MWcalc [g/mol] MWerr[%] 
Dx (a2) 2.6880E−10  LiCl·D1·LiCl 693 39 
logDx (a2) −9.5706   D1 464 9 
logDx,norm (a2) −9.0658   LiCl·D2·LiCl 693 39 
Dref (PhN) 4.1120E−10  D2 464 9 
logDref(PhN) −9.3859   M1·LiCl 419 −1 
MWdet [g/mol] 423  M1 304 −39 
   M0 268 −58 
 Signal b2 Species MWcalc [g/mol] MWerr[%] 
Dx (b2) 2.5450E−10  LiCl·D1·LiCl 693 33 
logDx (b2) −9.5943   D1 464 0 
logDx,norm (b2) −9.0896   LiCl·D2·LiCl 693 33 
Dref (PhN) 4.1120E−10  D2 464 0 
logDref(PhN) −9.3859   M1·LiCl 419 −11 
MWdet [g/mol] 465  M1 304 −53 
   M0 268 −74 
 Signal c2 Species MWcalc [g/mol] MWerr[%] 
Dx (c2) 2.1570E−10  LiCl·D1·LiCl 693 11 
logDx (c2) −9.6661   D1 464 −33 
logDx,norm (c2) −9.1614   LiCl·D2·LiCl 693 11 
Dref (PhN) 4.1120E−10  D2 464 −33 
logDref(PhN) −9.3859   M1·LiCl 419 −48 
MWdet [g/mol] 618  M1 304 −103 
   M0 268 −131 
     −60°C 
 Signal a2 Species MWcalc [g/mol] MWerr[%] 
Dx (a2) 1.3470E−10  LiCl·D1·LiCl 693 37 
logDx (a2) −9.8706   D1 464 5 
logDx,norm (a2) −9.0748   LiCl·D2·LiCl 693 37 
Dref (PhN) 2.1037E−10  D2 464 5 
logDref(PhN) −9.6770   M1·LiCl 419 −5 
MWdet [g/mol] 439  M1 304 −44 
   M0 268 −64 
 Signal b2 Species MWcalc [g/mol] MWerr[%] 
Dx (b2) 1.3190E−10  LiCl·D1·LiCl 693 34 
logDx (b2) −9.8798   D1 464 2 
logDx,norm (b2) −9.0839   LiCl·D2·LiCl 693 34 





logDref(PhN) −9.6770   M1·LiCl 419 −9 
MWdet [g/mol] 455  M1 304 −50 
   M0 268 −70 
 Signal c2 Species MWcalc [g/mol] MWerr[%] 
Dx (c2) 1.0610E−10  LiCl·D1·LiCl 693 5 
logDx (c2) −9.9743   D1 464 −42 
logDx,norm (c2) −9.1785   LiCl·D2·LiCl 693 5 
Dref (PhN) 2.1037E−10  D2 464 −42 
logDref(PhN) −9.6770   M1·LiCl 419 −58 
MWdet [g/mol] 661  M1 304 −117 
   M0 268 −147 
     −70°C 
 Signal a2 Species MWcalc [g/mol] MWerr[%] 
Dx (a2) 9.9060E−11  LiCl·D1·LiCl 693 40 
logDx (a2) −1.0004E+01  D1 464 10 
logDx,norm (a2) −9.0625   LiCl·D2·LiCl 693 40 
Dref (PhN) 1.5037E−10  D2 464 10 
logDref(PhN) −9.8228   M1·LiCl 419 0 
MWdet [g/mol] 418  M1 304 −37 
   M0 268 −56 
 Signal b2 Species MWcalc [g/mol] MWerr[%] 
Dx (b2) 9.7030E−11  LiCl·D1·LiCl 693 38 
logDx (b2) −1.0013E+01  D1 464 7 
logDx,norm (b2) −9.0714   LiCl·D2·LiCl 693 38 
Dref (PhN) 1.5037E−10  D2 464 7 
logDref(PhN) −9.8228   M1·LiCl 419 −3 
MWdet [g/mol] 433  M1 304 −42 
   M0 268 −62 
 Signal c2 Species MWcalc [g/mol] MWerr[%] 
Dx (c2) 7.5890E−11  LiCl·D1·LiCl 693 5 
logDx (c2) −1.0120E+01  D1 464 −42 
logDx,norm (c2) −9.1782   LiCl·D2·LiCl 693 5 
Dref (PhN) 1.5037E−10  D2 464 
logDref(PhN) −9.8228   M1·LiCl 419 −58 
MWdet [g/mol] 660  M1 304 −117 
   M0 268 −147 
     
     





 Signal a2 too low in intensity −90°C 
 Signal b2 Species MWcalc [g/mol] MWerr[%] 
Dx (b2) 4.2360E−11  LiCl·D1·LiCl 693 33 
logDx (b2) −1.0373E+01  D1 464 0 
logDx,norm (b2) −9.0890   LiCl·D2·LiCl 693 33 
Dref (PhN) 6.8357E−11  D2 464 0 
logDref(PhN) −1.0165E+01  M1·LiCl 419 −11 
MWdet [g/mol] 464  M1 304 −53 
   M0 268 −73 
 Signal c2 no signal  
 Signal a2 too low in intensity −100°C 
 Signal b2 Species MWcalc [g/mol] MWerr[%] 
Dx (b2) 2.9330E−11  LiCl·D1·LiCl 693 35 
logDx (b2) −1.0533E+01  D1 464 3 
logDx,norm (b2) −9.0818   LiCl·D2·LiCl 693 35 
Dref (PhN) 4.6550E−11  D2 464 3 
logDref(PhN) −1.0332E+01  M1·LiCl 419 −8 
MWdet [g/mol] 451  M1 304 −48 
   M0 268 −69 
 Signal b2' Species MWcalc [g/mol] MWerr[%] 
Dx (b2‘) 2.3890E−11  LiCl·D1·LiCl 693 7 
logDx (b2‘) −1.0622E+01  D1 464 −38 
logDx,norm (b2‘) −9.1709   LiCl·D2·LiCl 693 7 
Dref (PhN) 4.6550E−11  D2 464 −38 
logDref(PhN) −1.0332E+01  M1·LiCl 419 −53 
MWdet [g/mol] 641  M1 304 −111 
   M0 268 −140 






7Li-DOSY-ECC-MW-determination parameters of iPr2NMgCl·LiCl 9 
A-Table 19. 7Li-DOSY-ECC-MW-determination of iPr2NMgCl·LiCl 9 in THF-d8 (0.10 ). PhN (0.02 ) 
was used as internal reference with logDref,fix(PhN) = −8.8812. The accuracy of this method is in the range 
of MWerr  < ±9%. 
7Li−DOSY     25°C 
   Species MWcalc [g/mol] MWerr[%] 
D (Li) 8.7220E−10  LiCl·D1·LiCl 693 31 
logDx (Li) −9.0594   LiCl·D2·LiCl 693 31 
logDx,norm (Li) −9.0963   M1·LiCl 419 −14 
Dref (PhN) 1.4313E−09  LiCl−Dimer 373 −28 
logDref (PhN) −8.8443   Li(THF)4 295.38 −62 
MWdet 478     
     +0°C 
   Species MWcalc [g/mol] MWerr[%] 
D (Li) 5.5920E−10  LiCl·D1·LiCl 693 29 
logDx (Li) −9.2524   LiCl·D2·LiCl 693 29 
logDx,norm (Li) −9.1056   M1·LiCl 419 −18 
Dref (PhN) 9.3753E−10  LiCl−Dimer 373 −33 
logDref (PhN) −9.0280   Li(THF)4 295.38 −68 
MWdet 496     
     −15°C 
   Species MWcalc [g/mol] MWerr[%] 
D (Li) 4.1750E−10  LiCl·D1·LiCl 693 29 
logDx (Li) −9.3793   LiCl·D2·LiCl 693 29 
logDx,norm (Li) −9.1030   M1·LiCl 419 −17 
Dref (PhN) 6.9570E−10  LiCl−Dimer 373 −31 
logDref (PhN) −9.1576   Li(THF)4 295.38 −66 
MWdet 490     
     −40°C 
   Species MWcalc [g/mol] MWerr[%] 
D (Li) 2.5810E−10  LiCl·D1·LiCl 693 34 
logDx (Li) −9.5882   LiCl·D2·LiCl 693 34 
logDx,norm (Li) −9.0835   M1·LiCl 419 −8 
Dref (PhN) 4.1120E−10  LiCl−Dimer 373 −22 
logDref (PhN) −9.3859   Li(THF)4 295.38 −54 
MWdet 454     
      
      





     −60°C 
   Species MWcalc [g/mol] MWerr[%] 
D (Li) 1.4340E−10  LiCl·D1·LiCl 693 43 
logDx (Li) −9.8435   LiCl·D2·LiCl 693 43 
logDx,norm (Li) −9.0476   M1·LiCl 419 6 
Dref (PhN) 2.1037E−10  LiCl−Dimer 373 −6 
logDref (PhN) −9.6770   Li(THF)4 295 −33 
MWdet 394     
     −70°C 
   Species MWcalc [g/mol] MWerr[%] 
D (Li) 1.0740E−10  LiCl·D1·LiCl 693 48 
logDx (Li) −9.9690   LiCl·D2·LiCl 693 48 
logDx,norm (Li) −9.0273   M1·LiCl 419 13 
Dref (PhN) 1.5037E−10  LiCl−Dimer 373 3 
logDref (PhN) −9.8228   Li(THF)4 295 −23 
MWdet 364     
     −90°C 
   Species MWcalc [g/mol] MWerr[%] 
D (Li) 4.7090E−11  LiCl·D1·LiCl 693 44 
logDx (Li) −1.0327E+01  LiCl·D2·LiCl 693 44 
logDx,norm (Li) −9.0431   M1·LiCl 419 8 
Dref (PhN) 6.8357E−11  LiCl−Dimer 373 −4 
logDref (PhN) −1.0165E+01  Li(THF)4 295 −31 
MWdet 387     
     −100°C 
   Species MWcalc [g/mol] MWerr[%] 
D (Li) 3.2170E−11  LiCl·D1·LiCl 693 44 
logDx (Li) −1.0493E+01  LiCl·D2·LiCl 693 44 
logDx,norm (Li) −9.0417   M1·LiCl 419 8 
Dref (PhN) 4.6550E−11  LiCl−Dimer 373 −3 
logDref (PhN) −1.0332E+01  Li(THF)4 295.38 −30 
MWdet 385     






A-Table 20. DOSY-ECC-MW-determination of anhydrous LiCl in THF-d8 (0.015 ). 2,2,3,3-
tetramethylbutane (TMB) was used as internal reference with logDref,fix(TMB) = −8.7749.  
 25°C 0°C −25°C −50°C −75°C av. 
       
Dref (TMB) 2.003E−09 1.319E−09 8.821E−10 4.806E−10 2.299E−10  
Dx (Li) 1.102E−09 7.318E−10 4.790E−10 2.631E−10 1.204E−10  
MWcalc [g/mol] 373 373 373 373 373 373 
MWdet [g/mol] 374 369 382 377 401 381 
MWerr [%] 0 1 −2 −1 −7 −2 
 
 
Aggregate M1·(MgCl2)2·M1 (MWcalc = 943 g/mol) show an increased van der Waals value 
of MDW = 6.26·1029 (A-Table 21). This aggregate would be underestimated in MW by 
approximately 10%, ΔMW = 94 g/mol. However, the highest MW we could observe was 
MWdet = 578 g/mol so aggregate M1·(MgCl2)2·M1 can be excluded to be present in solution 
of 7. 
 
A-Table 21. Calculation of the molar van der Waals density MDw of all iPr2NMgCl 7 species. 
 





     
 M1·(MgCl2)2·M1 C36H76Cl6Mg4N2O6 943 6.26 
e1 MgCl2·D1(D2)·MgCl2  C20H44Cl6Mg4N2O2 655 6.98 
f1 (μ-Cl3)-M1·MgCl2 C26H54Cl3Mg2NO5 616 5.95 
d1 D1 C20H44Cl2Mg2N2O2 464 5.76 
c1 D2 C20H44Cl2Mg2N2O2 464 5.76 
b1 M2 C20H44MgN2O2 369 4.99 
a1 M1 C14H30ClMgNO2 304 5.58 
 
Compound MgCl2·D1(D2)·MgCl2 (MWcalc = 655 g/mol) has a very huge van der Waals 
density. This is why this aggregate would be highly underestimated in MW by 
approximately 20%, ΔMW = 131 g/mol. For species e1 a MW of MWdet = 578 g/mol was 
measured that is in the 20% region of compound MgCl2·D1(D2)·MgCl2. This is why a 






A-Table 22. Density correction of species e1. 
 







      
MgCl2·D1(D2)·MgCl2   −80 655 578 1.22 703 
MDW = 6.98·1029 −70 655 446 1.22 542 
 −60 655 409 1.22 497 
 
A-Table 23. Calculation of the molar van der Waals density MDw of all iPr2NMgCl·LiCl 9 species. 
 





     
b' M1·(LiCl)2·M1 C28H60Cl4Li2Mg2N2O4 693 5.85  
c LiCl·D1·LiCl C28H60Cl4Li2Mg2N2O4 693 5.85  
 D1 C20H44Cl2Mg2N2O2 464 5.76  
b D2 C20H44Cl2Mg2N2O2 464 5.76  
a M1·LiCl C18H38Cl2LiMgNO3 418 5.70  
Li Li1  C16H32Cl2Li2O4 373 5.64  
 M1 C14H30ClMgNO2 304 5.58  
 Li2 C16H32LiO4 295 4.99  
 M0 C10H22Cl2MgNO 268 6.30  
 
In the case of iPr2NMgCl·LiCl 9 all van der Waals densities are in the desired range (A-
Table 23) of MDW = 4.3·1029 g/(mol∙m3) and MDW = 5.9·1029 g/(mol∙m3). Only species M0 
(MWcalc = 268 g/mol) would be underestimated in MW by approximately 20%, 
ΔMW = 54 g/mol. However, the smallest MW we could observe was MWdet = 364 g/mol, so 
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Free Enthalpies of computed species 
A-Table 24. Relative free enthalpies ΔG in kJ/mol. (left: D2-cis and right Cube D was used as reference) 
T [°C] D2-cis D2-trans M2·MgCl2  Cube A Cube B Cube C Cube D 
         
−90 0 5.5 53.7  10.6 20.4 51.5 0.0 
−85 0 5.6 53.7  9.1 18.9 48.4 0.0 
−80 0 5.7 53.6  7.5 17.3 45.2 0.0 
−75 0 5.7 53.6  5.9 15.7 42.1 0.0 
−70 0 5.8 53.6  4.4 14.2 39.1 0.0 
−65 0 5.9 53.6  2.8 12.6 36.0 0.0 
−60 0 6.0 53.6  1.3 11.1 32.9 0.0 
−55 0 6.0 53.6  0.0 9.8 30.1 0.3 
−50 0 6.1 53.6  0.0 9.8 28.6 1.8 
−45 0 6.2 53.5  0.0 9.8 27.0 3.4 
−40 0 6.3 53.5  0.0 9.8 25.5 4.9 
−35 0 6.3 53.5  0.0 9.8 24.0 6.5 
−30 0 6.4 53.5  0.0 9.8 22.5 8.0 
−25 0 6.5 53.4  0.0 9.8 21.0 9.6 
−20 0 6.6 53.4  0.0 9.9 19.5 11.1 
−15 0 6.7 53.4  0.0 9.9 18.0 12.7 
−10 0 6.7 53.4  0.0 9.9 16.5 14.2 
−5 0 6.8 53.3  0.0 9.9 15.0 15.7 
0 0 6.9 53.3  0.0 9.9 13.5 17.3 
5 0 7.0 53.3  0.0 9.9 12.0 18.8 
10 0 7.1 53.3  0.0 10.0 10.5 20.3 
15 0 7.1 53.2  0.0 10.0 9.1 21.9 
20 0 7.2 53.2  0.0 10.0 7.6 23.4 






A-Table 25. Relative free enthalpies ΔG for mixed dimers of LiCl and iPr2NMgCl in kJ/mol, with 










      
−90 95.7 97.6 55.2 57.8 0.0 
−85 95.7 97.5 55.1 57.8 0.0 
−80 95.7 97.5 55.1 57.7 0.0 
−75 95.7 97.4 55.0 57.6 0.0 
−70 95.7 97.3 54.9 57.6 0.0 
−65 95.7 97.2 54.9 57.5 0.0 
−60 95.7 97.2 54.8 57.5 0.0 
−55 95.7 97.1 54.8 57.4 0.0 
−50 95.7 97.0 54.7 57.3 0.0 
−45 95.7 97.0 54.6 57.3 0.0 
−40 95.8 96.9 54.6 57.2 0.0 
−35 95.8 96.8 54.5 57.1 0.0 
−30 95.8 96.8 54.5 57.1 0.0 
−25 95.8 96.7 54.4 57.0 0.0 
−20 95.8 96.6 54.3 56.9 0.0 
−15 95.8 96.6 54.3 56.9 0.0 
−10 95.8 96.5 54.2 56.8 0.0 
−5 95.9 96.4 54.2 56.7 0.0 
0 95.9 96.3 54.1 56.6 0.0 
5 95.9 96.3 54.0 56.6 0.0 
10 95.9 96.2 54.0 56.5 0.0 
15 95.9 96.1 53.9 56.4 0.0 
20 96.0 96.1 53.9 56.4 0.0 






Free Reaction enthalpies for the reaction of D2 and Li1 
A-Table 26. Free Reaction enthalpies for the reaction of D2 and Li1 in kJ/mol. 
T [°C] CUBE A CUBE B CUBE C CUBE D 
     
−90 21.4 31.2 62.2 10.7 
−85 20.9 30.7 60.2 11.9 
−80 20.5 30.3 58.3 13.0 
−75 20.1 29.9 56.3 14.1 
−70 19.6 29.4 54.3 15.3 
−65 19.2 29.0 52.3 16.4 
−60 18.8 28.6 50.4 17.5 
−55 18.3 28.1 48.4 18.6 
−50 17.9 27.7 46.5 19.7 
−45 17.5 27.3 44.5 20.9 
−40 17.1 26.9 42.6 22.0 
−35 16.6 26.4 40.6 23.1 
−30 16.2 26.0 38.7 24.2 
−25 15.8 25.6 36.8 25.3 
−20 15.3 25.2 34.8 26.5 
−15 14.9 24.8 32.9 27.6 
−10 14.5 24.4 31.0 28.7 
−5 14.1 24.0 29.1 29.8 
0 13.6 23.5 27.1 30.9 
5 13.2 23.1 25.2 32.0 
10 12.8 22.7 23.3 33.1 
15 12.4 22.3 21.4 34.2 
20 11.9 21.9 19.5 35.3 
















      
−90 37.1 39.1 −3.3 −0.7 −58.5 
−85 36.7 38.6 −3.8 −1.2 −58.9 
−80 36.3 38.1 −4.3 −1.7 −59.4 
−75 35.9 37.6 −4.8 −2.2 −59.8 
−70 35.5 37.1 −5.3 −2.6 −60.2 
−65 35.0 36.6 −5.8 −3.1 −60.7 
−60 34.6 36.1 −6.3 −3.6 −61.1 
−55 34.2 35.6 −6.7 −4.1 −61.5 
−50 33.8 35.1 −7.2 −4.6 −61.9 
−45 33.4 34.6 −7.7 −5.1 −62.3 
−40 33.0 34.1 −8.2 −5.6 −62.8 
−35 32.6 33.6 −8.7 −6.1 −63.2 
−30 32.2 33.1 −9.2 −6.6 −63.6 
−25 31.8 32.7 −9.6 −7.0 −64.0 
−20 31.4 32.2 −10.1 −7.5 −64.4 
−15 31.0 31.7 −10.6 −8.0 −64.9 
−10 30.6 31.2 −11.1 −8.5 −65.3 
−5 30.2 30.7 −11.5 −9.0 −65.7 
0 29.8 30.2 −12.0 −9.5 −66.1 
5 29.4 29.8 −12.5 −9.9 −66.5 
10 29.0 29.3 −12.9 −10.4 −66.9 
15 28.6 28.8 −13.4 −10.9 −67.3 
20 28.2 28.3 −13.9 −11.4 −67.7 







Free Reaction enthalpies for the reaction of 2 M1·LiCl 
A-Table 28. Free Reaction enthalpies for the reaction 2 M1·LiCl in kJ/mol. 
T [°C] CUBE A CUBE B CUBE C CUBE D 
     
−90 42.0 51.7 82.8 31.3 
−85 41.4 51.2 80.7 32.4 
−80 40.9 50.7 78.6 33.4 
−75 40.4 50.1 76.6 34.4 
−70 39.8 49.6 74.5 35.5 
−65 39.3 49.1 72.4 36.5 
−60 38.8 48.6 70.4 37.5 
−55 38.3 48.0 68.3 38.5 
−50 37.7 47.5 66.3 39.6 
−45 37.2 47.0 64.2 40.6 
−40 36.7 46.5 62.2 41.6 
−35 36.1 45.9 60.1 42.6 
−30 35.6 45.4 58.1 43.6 
−25 35.1 44.9 56.1 44.6 
−20 34.5 44.4 54.0 45.7 
−15 34.0 43.9 52.0 46.7 
−10 33.5 43.4 50.0 47.7 
−5 32.9 42.8 48.0 48.7 
0 32.4 42.3 45.9 49.7 
5 31.9 41.8 43.9 50.7 
10 31.4 41.3 41.9 51.7 
15 30.8 40.8 39.9 52.7 
20 30.3 40.3 37.9 53.7 
















      
−90 57.7 59.7 17.3 19.9 −37.9 
−85 57.2 59.1 16.7 19.3 −38.5 
−80 56.7 58.5 16.1 18.7 −39.0 
−75 56.2 57.9 15.5 18.1 −39.5 
−70 55.7 57.3 14.9 17.6 −40.0 
−65 55.1 56.7 14.3 17.0 −40.6 
−60 54.6 56.1 13.7 16.4 −41.1 
−55 54.1 55.5 13.2 15.8 −41.6 
−50 53.6 54.9 12.6 15.2 −42.1 
−45 53.1 54.3 12.0 14.6 −42.6 
−40 52.6 53.7 11.4 14.0 −43.2 
−35 52.1 53.1 10.8 13.4 −43.7 
−30 51.6 52.6 10.3 12.8 −44.2 
−25 51.1 52.0 9.7 12.3 −44.7 
−20 50.6 51.4 9.1 11.7 −45.2 
−15 50.1 50.8 8.5 11.1 −45.8 
−10 49.6 50.2 7.9 10.5 −46.3 
−5 49.1 49.6 7.4 9.9 −46.8 
0 48.6 49.0 6.8 9.3 −47.3 
5 48.1 48.5 6.2 8.7 −47.8 
10 47.6 47.9 5.6 8.2 −48.3 
15 47.1 47.3 5.1 7.6 −48.9 
20 46.6 46.7 4.5 7.0 −49.4 






1H-DOSY-ECC-MW-determination parameters of TMPMgCl·LiCl 10 at 25°C 
to −75°C 
A-Table 30. 1H-DOSY-ECC-MW-determination of TMPMgCl·LiCl 10 in THF-d8 (20 m). PhN was used 
as internal reference in equimolar ratio with logDref,fix(PhN) = −8.8812. 
1H DOSY    25°C 
  Species MWcalc [g/mol] MWerr[%] 
Dx  9.3030E−10 1A 773 49 
logDx  −9.0314  1B 544 28 
logDx,norm  −9.0476  1C 459 14 
Dref (PhN) 1.3647E−09 1C* 387 −2 
logDref(PhN) −8.8650  1D 344 −14 
MWdet [g/mol] 394 1E 308 −28 
    +0°C 
  Species MWcalc [g/mol] MWerr[%] 
Dx  6.7670E−10 1A 773 50 
logDx  −9.1696  1B 544 29 
logDx,norm  −9.0418  1C 459 16 
Dref (PhN) 9.7947E−10 1C* 387 0 
logDref(PhN) −9.0090  1D 344 −12 
MWdet [g/mol] 385 1E 308 −25 
     
    −25°C 
  Species MWcalc [g/mol] MWerr[%] 
Dx  3.8980E−10 1A 773 48 
logDx  −9.4092  1B 544 26 
logDx,norm  −9.0533  1C 459 12 
Dref (PhN) 5.7933E−10 1C* 387 −4 
logDref(PhN) −9.2371  1D 344 −17 
MWdet [g/mol] 403 1E 308 −31 
    −50°C 
  Species MWcalc [g/mol] MWerr[%] 
Dx  2.1200E−10 1A 773 47 
logDx  −9.6737  1B 544 24 
logDx,norm  −9.0595  1C 459 10 
Dref (PhN) 3.1960E−10 1C* 387 −7 
logDref(PhN) −9.4954  1D 344 −20 
MWdet [g/mol] 413 1E 308 −34 
     





    −75°C 
  Species MWcalc [g/mol] MWerr[%] 
Dx  1.1030E−10 1A 773 46 
logDx  −9.9574  1B 544 23 
logDx,norm  −9.0625  1C 459 9 
Dref (PhN) 1.6743E−10 1C* 387 −8 
logDref(PhN) −9.7762  1D 344 −21 
MWdet [g/mol] 418 1E 308 −36 
     
 
7Li-DOSY-ECC-MW-determination parameters of TMPMgCl·LiCl 10 at 25°C 
to −75°C 
A-Table 31. 7Li-DOSY-ECC-MW-determination of TMPMgCl·LiCl 10 in THF-d8 (20 m). PhN was used 
as internal reference in equimolar ratio with logDref,fix(PhN) = −8.8812. 
7Li DOSY    25°C 
  Species MWcalc [g/mol] MWerr[%] 
D (Li) 9.3330E−10 1A 773 49 
logDx (Li) −9.0300  1C 459 15 
logDx,norm (Li) −9.0462  Li1 373 −5 
Dref (PhN) 1.3647E−09 1C* 387 −1 
logDref (PhN) −8.8650  Li2 295 −33 
MWdet 392    
    +0°C 
  Species MWcalc [g/mol] MWerr[%] 
D (Li) 6.7490E−10 1A 773 50 
logDx (Li) −9.1708  1C 459 16 
logDx,norm (Li) −9.0430  Li1 373 −4 
Dref (PhN) 9.7947E−10 1C* 387 0 
logDref (PhN) −9.0090  Li2 295 −31 
MWdet 387    
    −25°C 
  Species MWcalc [g/mol] MWerr[%] 
D (Li) 3.9330E−10 1A 773 49 
logDx (Li) −9.4053  1C 459 14 
logDx,norm (Li) −9.0494  Li1 373 −6 
Dref (PhN) 5.7933E−10 1C* 387 −3 
logDref (PhN) −9.2371  Li2 295 −34 





    −50°C 
  Species MWcalc [g/mol] MWerr[%] 
D (Li) 2.1940E−10 1A 773 50 
logDx (Li) −9.6588  1C 459 15 
logDx,norm (Li) −9.0446  Li1 373 −4 
Dref (PhN) 3.1960E−10 1C* 387 −1 
logDref (PhN) −9.4954  Li2 295 −32 
MWdet 389    
    −75°C 
  Species MWcalc [g/mol] MWerr[%] 
D (Li) 1.1840E−10 1A 773 52 
logDx (Li) −9.9266  1C 459 19 
logDx,norm (Li) −9.0317  Li1 373 1 
Dref (PhN) 1.6743E−10 1C* 387 4 
logDref (PhN) −9.7762  Li2 295 −25 
MWdet 370    
     
 
1H-DOSY-ECC-MW-determination parameters of TMP(H) at 25°C to −75°C 
A-Table 32. 1H-DOSY-ECC-MW-determination of the protonated amine TMP(H) in THF-d8 (20 m). 
PhN was used as internal reference in equimolar ratio with logDref,fix(PhN) = −8.8812. The MW of 
TMP(H), a highly spherical and compact molecule was calculated by using ECCCS. 
1H DOSY    25°C 
  Species MWcalc [g/mol] MWerr[%] 
D (TMP(H)) 1.4980E−09 TMP(H) 141 −18 
logD (TMP(H)) −8.824488187    
logDx,norm (TMP(H)) −8.8407     
Dref (PhN) 1.3647E−09    
logDref (PhN) −8.8650     
MWdet 167    
    +0°C 
  Species MWcalc [g/mol] MWerr[%] 
D (TMP(H)) 1.1400E−09 TMP(H) 141 −5 
logD (TMP(H)) −8.943095149    
logDx,norm (TMP(H)) −8.8153     
Dref (PhN) 9.7947E−10    
logDref (PhN) −9.0090     





     
    −25°C 
  Species MWcalc [g/mol] MWerr[%] 
D (TMP(H)) 6.7950E−10 TMP(H) 141 −3 
logD (TMP(H)) −9.167810539    
logDx,norm (TMP(H)) −8.8119     
Dref (PhN) 5.7933E−10    
logDref (PhN) −9.2371     
MWdet 146    
    −50°C 
  Species MWcalc [g/mol] MWerr[%] 
D (TMP(H)) 3.8820E−10 TMP(H) 141 4 
logD (TMP(H)) −9.410944469    
logDx,norm (TMP(H)) −8.7968     
Dref (PhN) 3.1960E−10    
logDref (PhN) −9.4954     
MWdet 136    
    −75°C 
  Species MWcalc [g/mol] MWerr[%] 
D (TMP(H)) 2.0622E−10 TMP(H) 141 7 
logD (TMP(H)) −9.685669217    
logDx,norm (TMP(H)) −8.7907     
Dref (PhN) 1.6743E−10    
logDref (PhN) −9.7762     
MWdet 132    






A-Table 33. Calculation of the molar van der Waals density MDw of all TMP species. 





     
1A C34H68Cl4Li2Mg2N2O4 773 5.72E+29 1.35E−27 
1B C26H52Cl2Mg2N2O2 544 5.59E+29 9.74E−28 
1C C21H42Cl2LiMgNO3 459 5.61E+29 8.18E−28 
1C* C17H34Cl2LiMgNO2 387 5.72E+29 6.76E−28 
Li1 C16H32Cl2Li2O4 373 5.64E+29 6.62E−28 
1D C17H34ClMgNO2 344 5.47E+29 6.29E−28 
Li2 C16H32LiO4 295 4.99E+29 5.92E−28 
1E C13H26Cl2MgNO 308 6.05E+29 5.09E−28 
 
In the DOSY-ECC-MW-determination of TMPMgCl·LiCl 10 no species with MWs lower 
than 308 g/mol were observed, so aggregate 1E can be neglected. All other species work 
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04.2003 – 04.2005 Ice cream manufacturer at ice cream shop San Marco, Waldeck 
 
Awards 
07.2015 Winner of the award “Bester Vortrag” at Jung Chemiker Forum, 
Georg-August-University, Göttingen 
06.2015 Second winner of the “Winterfeldt-Preis” at Leibniz University, 
Hannover 
12.2014 Winner of the award “Preis für die beste nichtselbstständige Lehre am 
Institut für Anorganische Chemie” at Georg-August-University, 
Göttingen 
10.2011 Winner of the “Paint Club Urban Art Battle Göttingen” 
 
Skills and Interests 
Languages German (native), English (fluent), Russian and French (basics) 
EDV Microsoft Office 
 Scientific data processing software (ChemDraw, Origin, Topspin, 
MestreNova) 
 Adobe Photoshop 
Radiation protection  Qualification: S1.1, S1.2, S1.3, S2.1, S2.2, S5, S6.1 (StrSchV) and R2.1 
(RöV) 
Expertise According to §5 Chemikalienverbotsordnung 
Hobbies Biking, football, table tennis, photography and image editing 




Scientific Conference Participations 
1. Jung Chemiker Forum 2015, Göttingen, Germany–Talk “Akkurate Molekül-
gewichtsbestimmungen zur Charakterisierung reaktiver metallorganischer Verbin-
dungen mittels einer neuen DOSY-NMR-Methode” 
2. Winterfeldt-Preis 2015, Hanover, Germany–Talk (invited) “Charakterisierung reaktiver 
metallorganischer Verbindungen mittels einer neuen DOSY-NMR-Methode” 
3. European Congress on Magnetic Resonance (EUROMAR) 2015, Prag, Czech Republic–
Poster (Student Grant) “Accurate Molecular Weight Determination via DOSY-NMR” 
4. 41st International Conference on Coordinaion Chemistry (ICCC-41) 2014, Singapur–
Poster “Alkali Metal Coordinated Hexamethyldisilazides from Liquid Ammonia” 
5. Center for Materials Crystallography Conference (CMC) 2014, Göttingen, Germany–
Talk “Structural Insight into Ammonia Solvated Alkalimetal-HMDS” 
6. 20th EuCheMS Conference on Organometallic Chemistry (EuCOMC XX) 2013, St. 
Andrews, United Kingdom–Poster (Travel Grant) “Tune-up Aggregation of Alkali-
HMDS with Ammonia” 
7. Jung Chemiker Forum 2013, Göttingen, Germany–Poster “Ammonia, a Powerful 
Donorbase for Alkali Metal Hexamethyldisilazides” 
 
Scientific Publications in Print 
1. R. Neufeld, T. L. Teuteberg, R. Herbst-Irmer, R. A. Mata, D. Stalke “Solution Structures 
of Hauser Base iPr2NMgCl and Turbo-Hauser Base iPr2NMgCl·LiCl in THF and the 
Influence of LiCl on the Schlenk-Equilibrium” JACS 2016, accepted. 
2. R. Neufeld, D. Stalke “Solution Structure of Turbo-Hauser Base TMPMgCl·LiCl in 
THF-d8” Chem. Eur. J. 2016, submitted. 
3. R. Neufeld, R. Michel, R. Herbst-Irmer, R. Schöne, D. Stalke “Introducing a Hydrogen 
Bond Donor Into a Non Nucleophilic Brønsted Base: Structural insight into Ammonia 
Coordinated Alkali Metal Hexamethyldisilazide (HMDS, metal = Li, Na, K, Rb and Cs)” 
Chem. Eur. J. 2016, submitted. 
 4. S. Bachmann, R. Neufeld, M. Dzemski, D. Stalke “New External Calibration Curves 
(ECCs) for the Determination of Molecular Weights in Various Common NMR 
Solvents” Chem. Eur. J. 2016, accepted. 
 5. R. Neufeld, M. John, D. Stalke “The Donor-Base-Free Aggregation of Lithium 
Diisopropyl Amide in Hydrocarbons Revealed by a DOSY Method” Angew. Chem. Int. 
Ed. 2015, 54, 6994–6998; Angew. Chem. 2015, 127, 7100–7104, Frontispiece Cover. 




 6. R. Neufeld, D. Stalke “Accurate Molecular Weight Determination of Small Molecules 
via DOSY-NMR by Using External Calibration Curves with Normalized Diffusion 
Coefficients” Chem. Sci. 2015, 6, 3354–3364. 
 7. P. P. Samuel, R. Neufeld, K. C. Mondal, H. W. Roesky, R. Herbst-Irmer, D. Stalke, S. 
Demeshko, F. Meyer, V. C. Rojisha, S. De, P. Parameswaran, A. C. Stuckl, W. Kaim, J. 
H. Christian, J. K. Bindra, N. S. Dalal “Cr(I)Cl as well as Cr+ are stabilised between two 
cyclic alkyl amino carbenes” Chem. Sci. 2015, 6, 3148–3153. 
 8. P. P. Samuel, K. C. Mondal, N. Amin Sk, H. W. Roesky, E. Carl, R. Neufeld, D. Stalke, 
S. Demeshko, F. Meyer, L. Ungur, L. F. Chibotaru, J. Christian, V. Ramachandran, J. 
van Tol, N. S. Dalal “Electronic Structure and Slow Magnetic Relaxation of Low-
Coordinate Cyclic Alkyl(amino) Carbene Stabilized Iron(I) Complexes” J. Am. Chem. 
Soc. 2014, 136, 11964–11971. 
 9. J. Wallbaum, R. Neufeld, D. Stalke, D. B. Werz “A Domino Approach to Dibenzopenta-
fulvalenes by Quadruple Carbopalladation” Angew. Chem. Int. Ed. 2013, 52, 13243–
13246; Angew. Chem. 2013, 125, 13485–13488. 
 10. R. Michel, T. Nack, R. Neufeld, J. M. Dieterich, R. A. Mata, D. Stalke “The Layered 
Structure of [Na(NH3)4][Indenide] Containing a Square-Planar Na(NH3)4+ Cation” 
Angew. Chem. Int. Ed. 2013, 52, 734–738; Angew. Chem. 2013, 125, 762–766.  
11. D. C. Koester, M. Leibeling, R. Neufeld, D. B. Werz “A Pd-Catalyzed Approach to 
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